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PREFACE 
TO THE FIRST EDITION 

This book is the outcome of three insisteot wishes which have 
occupied the writer's mind ever since he came under the spell of 

’the study of eruptive rocks. 

There was first the with to dean up the jungle of rode names. 
The method of petrograpbers in g:iving' names, as a great AmerU 
can geologist hu pointed out, has been to give an independent 
name to every rock that is a little different from any one seen 
before, without reference to any plan; a practice which has led 
to the multiplication of rock names to a d^ree fat in excess of 
the needs of the science. The consequence is not merely that 
one cannot see the wood for the trees, but rather that one cannot 
see the trees for the brushwood. This state of affairs plesscs 
nobody, yet many would rather perpetuate it than face the revolu¬ 
tion of names a^ terms that a new method involves. Thus a 
reformer is between the devil and the deep sea, for if he adapts 
a new system to existing names, with their conzwtations, it will be 
still-born, and if he introduces a new nomendature, it will be 
stoned to death by those who feel that the burden of rock names 
is already greater than they can bear. But something must be 
done; somebody must make a move; and that is the first reason 
for this book. 

A second wish arose out of the first. It was to make the 
results and conclusions of petrology intelligible to matter-of-fact 
people like physicists and chemists, who liiw to do their thinking 
in quantitative Mrms, and who are apt to listen with indifference 
to the assertions of " affinity " and “ consanguinity '* that under¬ 
lie so many petrographic contentions. Petrology needs all the 
help that diemistry can give it; but before they look for hdp, 
petr«^raphers must learn to express their problems in terms that 
a chemist can understand. That means that they must pay more 
attention than has been their habit to the chemical resemblances 
and differences between rocks, and above aD, that they must give 
a quantitative meaning to the terms they use. To make a step 
in this direction is the second reason for this book. 

Thirdiy, it has been the writer’s wish to bring theory and 
practice together, and to save petrology from the reproai^ of 
being an academic study, of little use in life. Petr^ogy and 
mineralogy owe* much to mining, and should give something In 
return. A rational system of petrology, that is neither loo vague 
nor too difficult to understand, is a gift that the miner and all 
who are interested in the mineral industries would not fail to 
appreciate. On the other hand, the petrologist who turns his 
attention to the study of ore-deposits will find it a rare source of 
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ERUPTIVE ROCKS vi 

information and inspiration. To show that the minw and the 
pctroleg;iit have nc^ of each other’s help i$ the third reason 

for this booh. 

In the matter of terminology and nomenclature, the writer' 
has gone his own wajr. guided by the general principles that 
oames should be as few as possible, that the sim^est terrns are 
the best, and that when an English term can be used without 
obscurity, it should be preferred to a Latin or Greek one. In 
view of the repugnance which a new set of names would arouse, 
he has used only well-known names of wide impikation. These 
have been redefined, but it will be found that the new definition 
contains the kernel of the old one in every case. To define afresh 

-all the varietal names that are in use would be an impossible task, 
even if it were desirable or legitimate. Better I© let them all 
die out; and to introduce new ones from time to time, as the need 
for further subdivision is felt; so the names will arise out of the 
classification, as they ought to do, instesd of the classification 

growing round the names. 

PREFACE 
TO THE THIRD EDITION 

In preparing a third edition of Eruptive Rocks, the writer has taken 
the opportunity of reintroducing a discussion of the link between 
eruptive rocks and ore-deposits. This formed the subject of a 
chapter in the first edition of the book, but it was omitted from the 
second edition. Certain aspects of the matter, wh’ich seemed quite 
clear in 1926, no longer seem so in 1946; so the discussion has 
spread itself over three chapters instead of the original one. The 
increase does not so much express new knowledge as new doubts 
end difficulties; Init that is the way of science. 

The other chapters have been shaken up, and a certain amount 
of new matter has been Introduced. The four chapters of modal 
anal3rses of rocks, which are intended to illustrate the writer's 
system of classification, have been removed to the end of the book, 
where they form Part TI. It Is hoped that this rearrangement will 
make Part I more readable and Part II more accessible. 

The writer expresses his thanks to many friends, colleagues 
and reviewers for criticism which was always welcome and helpful, 
even when he found himself unable to agree with it. It may not be 
amiss to refer future readers to a paper entitled *' The Species Con¬ 
cept to Petrology which summarises the writer's attitude toward 
the basic problem of our science. A reader who cannot share the 
viewpoint indicated in that paper will find little to please him in this 
book. 

1 Arntrift* /MTiMt »/ Seffitf/, vot. MS, tM4. p. 4S- 
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// a auM wtU tifim wilA tartaimti**, /kt iksO tad im 
dauifti tut if kt wiB kt eamttut ta btfim milk dtwktt. 
kt *kaU rad im eeriaimtitt.—FtiatKU B*CON. 

PART I 

CHAPTER I 

ERUPTIVE OR IGNEOUS ROCKS 

Petrology begins with the examinatJon, description and 
classification of the kinds of rock that form what we all “ the 
crust of the earth,” but it does not end there. The philo¬ 
sophical aim of the studjr, which is too often overlooked, 
is CO discover the chemical composition of the matter beneath 
the crust, to throw light upon the physical conditions that 
prevail there, and to investigate the physical and chemical 
changes that take place during the formation of rocks. Physi¬ 
cists may weigh the earth, geodesists find its form and volume, 
astronomers record its movements, and seismologists study its 
elasticity, while philosophical geologists build theories of the 
earth upon these data; but the petrographer alone has tangible 
evidence of what lies beneath the crust. It is presented to him 
by his own planet in the form of plugs and tongues of eruptive 
rock that have come up from the depths, and by mineral veins. 
It is presented to him by other members of the solar :^stem in 
the form of meteorites. No theory of the earth or of the soUf 
system can stand that disregards the evidence of eruptive rocks 
and meteorites. And since the problem of the earth's ooni- 
position, with which that of its genesis is bound up, surely 
overshadows all other non-organic problems, so petrology, as 
the science which contributes most directly to the solution of 
that problem, may claim a place in the front rank of the 
natural sciences. 

I'he practical aim of the study is also an ambitious one. 
Mineralogies] and petrolc^tcal research shows ever tnore and 
more clearly that an intimate connection exists between erup¬ 
tive rocks and mineral deposits of commercial (mportanso. 
It is already possible to lay down some general principles in 
the matter, connecting certain minerals and certaio special 
types of ore-deposition with particular groups of eruptive 
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I KRUPTlve ROCKS 

rocks and psiticular types ot intrusion. It is evident that well 
established generalisations of this kind may be very valuable 
in the hands of a miner or prospector who has a suflicient know¬ 
ledge of petrology to apply them correctly. There is much to 
be learnt before the seardt for mineral deposits can be placed 
upon a sound scientific basis; but this and nothing less ^ould 
be the aim of petrolt^y on the practical side. 

'Ihe science of petrology is generally considered to em¬ 
brace the study of all rocks, whether eruptive or sedimentary, 
and whether affected by metamorphism or not. It is well to 
realize that this arrangement is dictated solely by convenience. 
The sedimentary rocks, having been formed by the disintegra¬ 
tion of older eruptive rocks, have about as much in common 
with the latter as sawdust has with a living tree; consequently 
the methods of study and classification which are suited to the 
two classes of rocks are quite distinct. Biology long ago 
found it necessary for its health and progress to split itself up 
into the two sciences of zoology and botany, which have their 
roots in common ground but ochertvise live their lives Ind^ 
pendently; and for the same reason there is need for petrolt^ 
to separate its two branches which are concerned with eruptive 
and with sedimentary rocks respectively, permitting them to 
meet only in (he common ground of metamorphism. 

In this volume the eruptive rocks alone are considered, 
with brief reference to the mineral deposits to which they give 
rise and the meteorites to which they are nearly related. 

I We may open the discussion with the remark that the 
,'adjectives “igneous" and “eruptive” arc currently applied 
to rocks as if they were synonymous.* Are all eruptive rocks 
igneous, using that word in the fullest sense which is war¬ 
ranted by its derivation from ignis, fire ? It is true that in the 
case of lava discharged by an active volcano, we have the 
evidence of our senses to assure us of its “ fiery “ or molten 
origin. But this evidence is lacking in respect of other rocks 
such as granite and syenite, because these rocks are formed 

• Tb* Mra rrtJktt uttd ElM Ot BMOBoet ia lSi7, aad 
Ermftiogtttfiat by Batnhanl ColU la 1S6S. TtwM tarat imply « 
brat>kiDf.«a(, not nocoMariljr to tho narfoca of iba aarth, but frooi tower to 
hifber bvab la the aartb^cruit. Voa Cotta made a dtatloctioa batwaao 
ptoMoie aaruptiva rodet and volcanic araptiva roeka. 
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deep down in the crust of the earth, and they only become 
accessible to our observation after ages of denudation. What 
justification Is there for putting deep>seated rocks like granite 
and syenite in the same category with the really igneous" 
lavas? This is the very question that agitated the Neptunists 
and Vulcanists of last century, and as the matter lies at the 
root of the science of petrology, we shall devote this chapter 
to its consideration. 

Kro. I. Part ot IM aucLa ot tb* Bouktw batboUtb, MomUM. (Alter 
P. BiUm«atey.) 

The proof that granite and other deep-seated crystalline 
rocks were fluid at one time in their history is afiorded by the 
manner of their occurrence in the earth's crust. Wherever 
the junction between a mass of granite and any other rock is 
exposed to view, it is found to be a very irregular surface, often 
approaching the vertical position. In the case of the Mary^ 
ville granite mass in Montana, the upper surface of the r^ 
was thoroughly explored in mining operations, and Joseph 
Barrel! reports that it was "extremely irregular, steep or ver* 
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tic«l surfaces alternating with flat surfaces, giving the whole a 
rudely pyramidal form with a somewhat step>]ike surface, from 
which project dykes, sheets and chimneys." 

In the neighbourhood of such a junction, the granite is 
often seen to enclose blocks of the surrounding roc^, which 
have been detached from the walls and transported towards the 
heart of the granite mass. If a series of such enclosed blocks 
is examined, from the junction inwards, one readily convinces 
oneself that the foreign rock was actually being c<»Toded, dis- 
im^rated, and incorporated in the granitic magma,* and that 
the action was only stopped by the freezing of the mass. (See 
PI. III., p. 77.) From such a junction, too, the granite com* 
monly sends offshoots in among the country roc^, either in 
(he form of sheets which follow the bedding planes oi the 
country rocks, or of dykes which cut across these planes, or 
of thin veins that penetrate the most minute cracks. Or, in¬ 
stead of a regular injection of magma into fissures, the country 
rode may present the appearance of having soaked up the 
magma much as a sponge soaks up water, 90 that the produa 
is charged with feldspar and other minerals apparently derived 
from the granite magma. The evidence of fluidity on the part 
of the magma, which is presented by conuct phenomena such 
os these, seems to be incontrovertible. 

The proof of fluidity, however, docs not carry with it that 
of high temperature. It is true that no solvent is known 
which will dissolve and deposit appreciable quantities of 

* The Cmk word 04(04 *' Im« Um oMoing o( 4 pUMic mui, or 4 puu 
of teUd lod liould auttar. Ttio wonS has ion( MW uaod tn phiciucv 
(ss is " ina(Msla oogma '* or oUk ct oorassia) aad it pasasd in tha ISU) 
cantorr trooi ^armacy into chwalMry. Tborpa's »/ AffUtd 
Clt*miitry {ISnj gitaa Uw dafiaitioo, “a paaty or aamifluid misturo.” 
From cbaotMiy Uiit word paoed into petrology, raptacing tba older tarrn 
“■obianaaaotta lava." 0. Po^att Scropa wrote in im that "lava U 
not a hooofaMoas awilecalar Uquid, bat... a m»gm», or oompoatd o( 
crywallioa or nasular partkSaa to whiefa a certain oobility ia given by 
as iniantitUl With tba davalopnant o( petrology the aopnaaia hM 
thUlad from tba pteiaoca of ctyaufllna partiaaa to the liquid. Since 
tom lavu are complauiy free (ran crysuli, and otbart coatale 
ahandaat crystak wbUa (hw are still Sowinc, wa oJght say (bat " rock- 
Bsgos is tbs partly or wholly liquid oatarUl uon which eruptive rocks axe 
foroed." But tbara it no andanca that daap-aeaiad rock msgma wsis avar 
hot enough to be cooplttoly Uqnid. Tba natter is dlacosaad in Chapter 
rv. 
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qusru, feldspar and mica at ordinary temperatures; yet many 
instances can be named .in which crystals of quartz and feld* 
/par have been formed in rocks without the aid of heat. Such 
are the veins and pockets of rock crystal which one ttften finds 
in sandstones and limestones. In certain cases, feldspar and 
quartz have been formed in unconsolidated deposits on the 
ocean bottom, under circumstances which seem to preclude the 
operation of any higher temperature than that of sea water. 
Many substances which are incapable of true solution may 
form colloidal suspensions {sols) which serve equally well as 
media for transport and deposition, and which require no very 
high temperature for their formation. The hydrothermal solu* 
bility of silica has been found by G. C. Kennedy to be only 
0.2% at 360*; but silica sols have been prepared in the labora¬ 
tory which hold os much as ten per cent, of silica; they soon 
gelatinize, but weaker sols are more stable. From such a sol, 
gelatinous silica is deposited which may turn Into opal, chalce¬ 
dony, and eventually into quartz. 

That water is actually present during the crystallization of 
granite, and still more of vein-quartz, is abundantly proved. 
It has long been known that quartz crystals often contain 
drops of liquid, and gas bubbles, and the investigations of 
Brewster, Humphrey Davy, Hartley and ntany later workers 
have shown that the liquid is just salt water. Although the 
cavities in which the fluid is found are generally very small, 
often no more than one ten-thousandth of an inch in diameter, 
yet their combined volume is considerable. The following cal¬ 
culation is due to A. A. Julien:— 

“ In the quartz of Cornish granites the cavities aometlnves nuke up 
at least Rve per cent of its votunve. and the water In them, on an ever* 
age. about one per cent of its vontene, or four.tenths of one per cent 
oT its sreight. As the quartz grains >n a granite or In gndta rarely 
amount to leas than Rfty per cent of the wh^e rock, U Is probable dial 
the liquid contents of such a granite comfflonly reach as much as one- 
fifth or one per cent.; i.e. about (our pounds of liquid to a ton of rock.*' 

It is .hardly possible to doubt that the water and the di^ 
solved salt were actually present in the magma from which the 
quartz crystallized. Quartz crystals are almost devoid of 
cleavage, and except by way of cleavage planes 6r other cracks 
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the liquid could not have got into the crystals after they were 
full grown. And if it could enter by way of minute cracks, 
it could escape by the same way; yet the contents of the cavities^ 
are sometimes found to be under pressure; indeed some of 
them contain, instead of water, liquid carb^ dioxide, which 
at its critical temperature of 81* C- requires a pressure of 73 
atrooq)here$ to keep it liquid. Otlicr minerals besides quartz 
show such enclosurts, notably topaz, and in general it is the 
minerals which were last to cry^allize from the magma that 
are richest in fluid enclosures, indicating that the residual 
magma was progressively enriched with water and gas as 
crystallization advanced. 

An important investigation of the enclosures in the 
minerab of eruptive rocks was carried out by Henry Clifton 
Sorby, who was the first to apply to the study of rocks the 
method of preparing thin sections by grinding, which had been 
developed by William Nicol about 1880.‘ Sorby showed that 
in the minerals of granites (he enclosures are mostly of liquid 
or gas, but that in lavas there are present similar cavities which 
contain glass instead of fluid. In some cases, owing to the 
glass having become minutely crystalline, the cavities contain 
an exceedingly finegrained stony material. Between rocks 
which showed glass enclosures only, and others which showed 
liquid enclosures only, a connecting link was found in certain 
rocks which hold enclosures of ^th kinds; this condition 
Sorby observed in the “ trachyte ” of Ponza, and in some 
Cornish granites and granitic dykes. F. Zirkel afterwards 
recorded similar phet>omena in leucite crystsls, the same cavity 
sometimes holding both glass and liquid. 

The main conclusions to which ^rby was led by his dis* 
coveries are given here, in his own words:— 

"On the whole, then, the microecopicaJ ctnicture of the coewtitueni 
mineral* of (rar^te 1* In every re^tect analogous to that of those formed 
at great depth and riectod by modem volcanoee. or that of the <tuanz 
in the tracBvte of Ponza, as dxMigh granite had been formed under 
dmalar physical condltkmt, combining at one* both igneous fuskio, 
squeotts sohttion snd gaseous subEmation. The proof of the operation 
of water is quite at strong as that of beat; and In fact I must admit 
that in the ease of coars».graincd, highly quartsoae granites there is to 
vtry BtUe evidence of igneous fusion, and such overwbehniag proof of 
tte acdoa of water, that It is iffipoeeible to draw a line between them and 
tliM veins, where, In all probability, mlos, fetapar, and quartz have been 
> Nicol’s thin sactioo* were dMcribed by Wiiham in ra 

FIdMtt, London, Ull, p. 4S. 
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depo<It«d from Mlutlon In wtMr, without thero beinE onjr definit^ 
ifonirine iRnoout fusion like thet In the cose of fumsioe sUfis or erupted 
Uvas. There Is, therefore. In the mlcroecopicel structures. • most com- 
piste end Rrtduel pescnEe from Rranlte to simple ouartz reins." 

" With renoct, then, to minerals and rocks formed at a high tern- 
permture, my chief conduskms are as foltowa. At one end of the chain 
are eruptive lavas, Indicating as perfect and complete fusion as the sUfis 
of fiimacea, and, at the other end are simple quartz veins havlnR a 
structure pr^sely analogous to that of the crystals depocited from water. 
Between these (wre is every oonnectin); link, and the central link is 
granite." 

The evidence, derived from the study of the liquids en¬ 
closed in crystAls, that water actually played a part in the 
magma from which granite consolidated, is confirmed by 
many field observations. Near any great granite intrusion it 
nearly always happens that dykes and veins of the eruptive 
rock are thrust out into the country rock, often to considerable 
distances. Even commoner than these dykes are seams of pure 
white quartz, which on account of their composition and 
structure have always been assumed to be of aqueous origin. 
But it is sometimes possible to follow a single dyke from its 
point of origin on the edge the granite mass to a position 
where, by gradual loss of feldspar and mica, it passes without 
any lack of continuity into a quart* vein. In illustration of 
this highly important observation we select the description by 
C. R. van Hise of the granite dykes of the Black Hills in 
South Dakota. 

“ Tha cor* rock iz • gr«at b*tholith of granite, 7 mil«a broad and 
11 mile* long. . . . Prom tha central maaa great quartz.fekbpar dllua 
radiate. In paasing away from tbe core the dikea become smaller and 
have a lose typical form. At the aame time tha cnateriai anumes the 
appearance which we ordinarily denominate aa pegmadtie. Them veins 
might b« oonaidered true igneous in)ections. Passing still further away, 
the pegmatitic masses begin to have vetivlike characten—that is. tliere 
is a rough concentration of the material in different layers, parallel Ic 
the walls. In going still further sway a true banded vein structure is 
found. In paasing yet further awsy, feldspar becomes less and leaa im¬ 
portant in the reins and the quartz more abundant, until remote from the 
granite the impregnating material Is mainly quartz. . . . 

If one eaamln^ only the outer aone. in which the quartz impregne- 
tiona occur, he srould not d(Hd>t that they were ordinary d^Mstu from 
water; if he esemined the masaes of the inner tone, ad}aceflt to the 
great granite maaa, be would not dotdit that they were true Igneous 
ln)e^ona; but passing beck and forth from tbe one zone to the other, 
he obeerree that there la every gradation between the two." 

Similar observations have been made in many parts of the 
world, but we can allow ourselves only one more quotation, 
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which we take from the memoir by F. D. Adams imd'A. E. 
Berlov on (he geology of the Helibutton and Bancroft areas 
in Ontario;— 

“The Mgmatrtei ere prevetUngIf rkh in feMeper, thia o>nsHdi«Al 
Urgelj preoMiilnatiog over the quartz. In places, however, thia latter 
conatituent beeocnea more abundant, especially at the extremitv of the 
dike where it beocenea narrow. In fact, caaea can be obsened whrr* 
the (eMspar ia represented only by a few indirlduals here and there, artd 
the dike devdope into a mast ot quartz. Such an occunmce, if sera 
alone, would undoubtedly be considered as a quartz vein, but in this 
area no itenetic distinction can be drawn between the two occurrences. 
The qusitz veiot, in tbeee caees at leait, are merely a tons or phase of 
the pegmadts dikes." 

The effect of much evidence of this kind is to confirm the 
opinion that water is a normal component of graaitic magma, 
and to show that the distinctioa between ‘'igneous" and 
" aqueous " products is much less definite than it was formerly 
supposed to be. That H. C- Sorby should have formed a oof* 
rect opinion on this subject as long ago as 1868 is remarkable 
and shows him to be one of the greatest of the founders of 
petfolo^. The seal of confirmation has been placed upon 
Sorby’s view by R. W. Gcranson, who has lattly succeeded 
in measuring the solubility of water in molten granite. At 
the temperature of 900* C., and under a pressure equal to a 
depth of fifteen kilometres in the eartlxrust, more than nine 
per cent, by weight of water was taken into solution and was 
retained when the melt cooled down to the state of glass. 

. Even lavas such as rhyolite and basalt—the most typical 
of " igneous" rocks—furnish evidence of the presence of 
water in the magmas from which they were derived. Many 
lavas carry minerals such as mica or zeolites, into whose com¬ 
position water or its elements enter. The more siliceous lavas 
hold biotite, from which, at a temperature of eight or nine hun¬ 
dred degrees, about five per cent of water can be extracted. 
Hornblende too gives up a little water when strongly heated. 
The less siliceous lavas often exhibit cavitiea lined with 
crystals of the zeolites, a group of minerals which earned ibeir 
name (literally boilmg-cfoiu) by giving up large quantities of 
water when gently heated. David Forbes produced before the 
Chemical S^iety in 1868 a specimen of the lava ejected by 
Mt. Etna during the eruption of 1866; this specimen, taken 
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white the lavs was still Aowtng, contatiied crystals of stilbite, 
a zeolite holding seventeen per cent of water of ciystallization. 
Ip recent years the work of Day, Shepherd and Jsggar in 
Hawaii has shown that water is a constant component, and by 
far the largest component, of the exhalation from the lava lake 
at Kilauea; and the weight of the evidence indicates that this 
water is of magmatic rather than meteoric origin. We shall 
return to this matter in a later chapter. 

H. C. Sorby tried to ascertain the actual freezing tem¬ 
peratures of some granites by observing the temperature at 
which the liquids, enclosed in the cavities of quartz crystals, 
completely filled these cavities. In his own words:— 

" Whan cryctali are formed at an elevated lempoauire, evidence 
ol it is affordea by (he contraction of the fluids enclosed in tbs cavities 
giving rise to a vaeuiw. . . . Since, of course, the .imount of the eon* 
traction of the fluid defends upon the height of the temperature from 
which It hat cooled, tbs relative site of the vacuity must Indicate huw 
mudi the temperature at which the crystals were funned sms abovs 
Aat at whi^ they are wtamined, in the same manner as the tinklng of 
the mercury In a aslf-r^iaterlng thermometer shows the difference In the 
temperature.” 

By the application of this principle, Sorby obtained re¬ 
sults ranging from 89* C., for some granites, to 3£fi* C. for a 
quartz-bearing lava. More recent work shows that Sorby’s 
estimates were almost certainly coo low, but that many of Che 
coarser granite pegmatites completed iheir crystallization below 
576* C., and roost of the quartz-bearing rocks probably below 
700* C. The truth is, however, that none of the methods yet 
employed for settling the question is quite beyond criticism, 
and all that can be said with assurance is that the granites have 
been formed at temperatures decidedly lower chan the freezing 
temperature of any known laVa, 

J. Clifton Ward,, who applied Sorby's methods to the 
granites of the Lake District of England, came to tbc con¬ 
tusion that eruptive magma may exist in two states, which he 
describes as follows:— 

** (I) That atate in which igneous fusion U the most important or 
ceaapicttoua etaaiaet. This is seen in tha case of lava flowi^ boa a 
vulcanic vent. 

(S) A aute of aquso>igneous fusion, occurring at a much grtnCar 
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depth thtA the Utt, SRd reaching Mily « duQ red bent (i^. nbovt 400 )* 
M a maximum. lo this state «e luve even reason to euppoae the 
gtMite cnagma to be, which ma]' now W aolMifying . . . beneath our 

The reliability Sorby’s ingenious method was ques¬ 
tioned by S. Allport, wbo pointed out that if the cavities were 
originally completely filled with liquid, and the bubbles were 
formed solely by contraction, then the ratio of size of cavity 
to size of bubble ought to be constant in any one part of the 
rock. But Allport found that this ratio was not constant 
either in the same rock or even in the same crystals. 

Sorby's method has lately been reviv^ by W. H. 
Newbouse and used to determine the temperature of formation 
of ores. Newhouse shows that Sorby failed to distinguish 
between primary enclosures of liquid or gas and secondary 
enclosures due to fracturing and subsequent healing of the 
crystals at a lower temperature than that at which they were 
originally formed. This may well be the explanation of the 
discrepancies observed by Allport. If more care were given 
to making this distinction, it seems possible that Sorby's 
method might again be put to use to determine the tempera¬ 
ture at which the minerals of eruptive rocks crystallized. 
Newhouse has applied the method to the lead-zinc ores of the 
Mississippi valley and finds that they were formed between 
80* and 185* C. 

The temperature of flowing lava has been variously estU 
mated at 1000* to 11X>0* C. and even higher. The latest and 
mott reliable measurements made by T. A. Jaggar at Kilauea 
show that sud) extremely high temperatures are only realized 
at the surface of the liquid, where escaping gas is in active 
combustion: but that the temperature of the lava below the 
surface may be 760* to 860* C. At this relatively low tem¬ 
perature it is likely that crystallization of the lava has already 
begun, for well-formed crystals cf augite and leudte have been 
obMrved in perfectly fluid lava at Mount Vesuvius. 

It follows, then, that we are justified in piscing granite 
and other plutonic rocks in the same category as volcanic lava 
* This b lb* ftfvn rlwB b; WxrS, but Dr. R. B. Sctaian iaforas ne that 

Um ” flrwt viwbb red" eppeen betwrer SCO* asd fiSO* C., varjriaf 
with dlfieresi obaerveee. 
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and in a different one from sedimentary rocks; but it by no 
means follows that we are justified in applying the name 
‘‘ igneous rock to granite and lava alike. Tbe lavas are 
igneous rocks; so too are many of the rocks that form dykes 
and sills, for the presence of glass in them shows that they 
have been molten. But among plutonic rocks, and particu¬ 
larly granite, the evidence for the agency of water as a con¬ 
tributory cause of fluidity is just as strong as the evidence of 
high temperature. If the term “igneous" suggests that the 
ro^s to which it is applied were once in the state of anhydrous 
melts, with temperature of 1000* C. or more, then it is better 
to throw it over in favour of an alternative adjective such as 
eruptive or magmatic, which conveys the idea of fluidity with¬ 
out any assertion or implication about temperature. 

The foregoing summary has indicated that the long-esub- 
ILsbed practice of placing the " igneous rocks " in one category, 
in opposition to the "aqueous" mineral veins, requires modi¬ 
fication. Some mineral veins are closely akin to eruptive rocks, 
and ought not to be abruptly separated from them. Some 
eruptive rocks have more kinship with the contents of mineral 
veins than they have with lavas. A truer view of the relation 
of the eruptive rocks to one another, and to a certain class of 
mineral veins, is given by a continuous linear classification 
such as the following:— 

Extrusive rocks (lavas) 

Most intrusive rocks 

Coarse-grained rocks with 
mu^ alkali-feldspar aful 
quartz or oepbdlna. 
M(n« ore bodies 

Quartz veins and many 
mineral deposits 

> 

* 

Temperature of consolidation high ^ 
(Above 700* C.?) 

Water sparingly present J 

Temperature of consolidation high to> 
moderate I 

(700*-600* C.?) I 
Water present in notable quantity J 

Temperature of consolidation inoder-'^ 
ate I 

(600’-300* C.?) 
Water present up to the probable limit 

of ^ 

Temperature of consolidation low ^ 
(Below 800* C.?) 

Hot aqueous solution . i 
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CHAPTER 11 

THE FIXED CONSTITUENTS OF ERUPTIVE 
ROCKS 

A REMARKABLE feature of the eruptive rocks is the small num¬ 
ber of mineral species of which they are composed. Out of 
the hundreds of silicates and aluminosilicates that are known, 
or that are theoretically possible, only a very few are common 
constituents of eruptive rocks { and among these the feldspars, 
pyroxenes, ampliilMles and micas, together with quartz, pre¬ 
dominate enormously over all otliers. For this reason the 
investigation of an eruptive rock usually requires the deter¬ 
mination of a few silicates only, together with certain oxides, 
sulphides, phosphates and titanates which may be present in 
trifling quantities. 

This apparent simplicity is more than neutralized by the 
very complex constitution of many rock-forming silicates, and 
by the possibility of atomic substitution, or, in an earlier 
terminology, of solid solution. The concept of solid solution 
implies that there may be present, in a single crystal, molecules 
of two or more substances which are related to each other both 
chemically and crystallographically. For example, common 
olivine may be describe as a solid solution of forsterite 
molecules, Mg,SiOo and fayalite RK^ecules, Fe,SiO«; and the 
precise composition of any sample of olivine may be stated 
in terms of these two end numbers, as Fo,« Fa,j. This con¬ 
cept and the corresponding terminology remain in general use; 
but the light thrown upon the structure of crystals by means of 
X-ray analysis has led to the adoption of a truer concept. As 
VV. L. Bragg and others have shown, the silicates are dis¬ 
tinguished from other inorganic substances by a type of atomic 
structure which has an indefinite extension in space. The 
structure of a silicate may be represented as an infinitely 
extended network of linked cncygen atoms, with atoms of silicon 
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and metals occupying the spaces within regular groups of 
ojqrgen atoms. In su^ a network there are no molecules. Any 
atom in the structure (except oxygen) may be replaced by • 
another atom of similar ionic radius,^ without causing any 
serious distortion of the structure: just as a bricklayer, running 
short of red bricks, rnay incorporate a yellow brick of the same 
size here and there in nis wall. Thus the atoms of aluminium, 
chromium, vanadium and ferric iron are mutually replace* 
able in the structure, and so are those of magnesium, 
ferrous iron, manganese and nickel. Not only may one element 
be replaced by another of the same valency, but there may be 
an interchange of atoms of different valencies, thus Na^—Si 
may be replaced by Ca—Al, K—Si by Ba—AJ, Mg—Si by 
A1—Al, Si by K—AI, or Al, by Mg,. The consequence Is 
that in most the silicates as we find them in nature there are 
present not only the particular metallic atoms that are charac¬ 
teristic of each so-called species, but also atoms of other metals 
which have been able to satisfy the requirements of valency and 
ionic radius and fit themselves into the structure. For instance, 
the mineral diopside is theoretically a simple metasillcate of 
magnesium and calcium; bur on account of the partial substitu¬ 
tion of certain atoms by others, a chemical analysis of natural 
diopside will generally show a considerable content of iron and 
smaller quantities of manganese, nickel, sodium, aluminium 
and chromium. We may, if we please, describe diopside as a 
solid solution of (he metasilicates of all these metals, but it is 
more illuminating as well as more correct to discuss the matter 
in terms of atomic substitution. 

We have now to discuss the chemical composition of the 
principal rock-forming minerals. In doing .so we shall some¬ 
times employ one method of description and sometimes the 
other, partly because most petrologists are acccustomed to think 

I Om Bkiy apekk tiUwr (oak ndiei or of Atonic radliu, M tbe aun >• 
looind or Ml. Moot iooifAaie eoBSoooda ai« ionic, «e. tbo um o( tfeo 
foraw tom U p^orabU; bu it it iaportaDt to roaliaa that Uw ionic 
radiM ia Ml a &Md qaaatlty bat rarioa with Ibo poaitivo or tia(ativo 
cbarro on Ibo ion. Pooidva (ocb art taaSar titan tbo corrooeondinf iMOtral 
Blow, nasatiio iona ara tar(«r. An aWnimt haa aa otany foale radii aa it 
baa vakaciaa, tor mcapli r— 

Fo (smtral atom) t-St; Fe*^ OSS; Ft<-*' oeT; 
Mn [nratral atoan] 1-te: 091; Mn^-^ 0-70 0-69. 
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in terms of “ isoinorpbous compounds” and partly because 
the terminology of ionic substitution has not yet provided a 
simple expression to take the place of “solid solution.” Per- 

* baps “ionic substitution complex” might be used, and 
“ionic substitution series" in place of the familiar “solid 
solution series.’ 

The Feldspar Family 

It has long been customary to think of this family in terms 
of the three end-members orthoclase, aibite and anorthite, 
which give rise, by isomorphous crystallization, to several 
series of solid solutions. A truer picture shows us a continuous 
network of SiO« and AIO4 tetrahedrons, with atoms of pota>' 
stum, sodium or calcium fitted into appropriate spaces in the 
network. When only potassium atoms arc present the result 
is orthcclase, KAISi«0,, which crystallizes with ntonoclinic 
symmetry. The pure sodium feldspar is albiu, NaAlSiiOf, 
and because the atoms of sodium are smaller than those of 
potassium the angles between the planes of the network are 
slightly different and the crystals are triclinic. The substitu¬ 
tion of Ca-Al for Na-Si in the network gives anorthite, 
CaAlaSlsOg, which is again tricHnic. But if the large atoms 
of barium are present instead of the smaller calcium atoms, 
the result is the rare feldspar calsian, BaAlgSigO*, which is 
almost monoclinic. 

Orthoclase forms with aibite the very important ionic sub¬ 
stitution-series 'which we call soda-orthoclase. The morv 
potasstc members of the series are ntonoclinic; indeed, most of 
the orthoebse that we identify in rocks is really soda-orthodase 
holding about eight times as much potash as soda. The 
more sodic members of the' series are triclinic and are often 
called anorthccioM, while those very rich in soda should be 
called potaEh-albite. In addition to these homogeneous varie¬ 
ties there is e group of feldspars composed of sub-paraUel 
taihelim, alternately s^k and potaseic in composition; to these 
feldspars the names perthU4 (micropenhite, aypcoperltuae^ 
Md have been given. In the perthites the sodic 
member forms films, veins and patches within the potassie 
member; in the antiperthitee this relation is reversed. The 
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work ot O. Andersen and others has shown conclusively that 
some perthitc is a product of meusonuuic replacement, caused 
by circulating solutions, but that much of it is due to a change 
in the atomic structure of the feldspar itself. It is believed ' 
that when the crystals were formed, presumably at a rather 
high temperature, the sodium and potassium atoms were 
evenly distributed through the network; on cooling down to 
atmospheric temperature the structure became unstable and the 
large potassium atoms and the small sodium atoms were segre> 
gated in different layers. It was established by Dittler and 
Kohler that micrope^ite, when heated for a long time at 
1000* C. reverts to homogeneous soda>crthoclase. This is 
confirmed by E. Spencer, who has shown that microperthite 
can be dissolved and reprecipitated without difficulty. Most 
of the solution takes place between 860* and 760* C., and 
exsolution is so easy that in Spencer’s opinion ” the rate of 
cocking of quickly chilled lavas would r>ot prevent complete 
exsolution if the rapid cooling affected only that temperature 
range.” 

A further complication in the study of the potashosoda 
feldspars is introduced by the species microcUne, sanidtne and 
adularia. Mierochnt is characteristic of granite-pegmatites and 
other coarse-grained, low temperature rocks, and sanidin* of 
acid lavas, so it is probably correct to regard the former as 
a low-temperature form and the latter as a high-temperature 
form of potash-feldspar. Dittler and Kohler heated microdine 
for 600 hours at 1000*. The cross-hatching disappeared and 
the extinction angle on (001) changed from 16* (microdine) to 
0* (onhoclase). Adularia is a very low-temperature form, con¬ 
fined to hydrothermal veins. 

The group-name plagiaclas* is applied to the ionic .'Sub¬ 
stitution series between albite and anorthite, potassium ions 
being absent or quite subordinate. To those sections of the 
plagiodase series which hold respectivdy from 10 to 80, 80 to 
60, 60 to 70, and 70 to 90 per cent by weight of anorthite, the 
^)ecific names oligoclase, andesine, labradorite and bytownite 
have been attached. Some analyses of plagiodase feldspar, or* 
of rocks containing it, have shown a defidency of silica; from 
this Washington and Wright deduced the presence of soda- 
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ancrlhil*, Na,AltSi,0( (At that time supposed to be ideniicaJ 
with the synthetic mineral carnegieite) in solid solution, 
l^ter investigation by Ernst and Nieland, of the feldspar from 
Linosa upon which the observations of Washington and 
Wright were made, have failed to corroborate the supposed 
deficiency of silica; and Bowen and Greig have prov^ that 
camegieite crystallizes in the isometric system and does not 
have the structure of anorihite. Nevertheless, the existence 
of 9oda>anorthite seems to be theoretically possible—it involves 
the replacement of one calcium atom by two sodium atoms in 
the anorthite structure—and a number of independent obser¬ 
vers have been constrained to assume its existence in order to 
explain the composition of certain rocks. T. F. W. Barth (1) 
pointed out that many basaltic lavas of the Pacific islands 
have nepheline in the norm (the calculated mineral composi¬ 
tion) although that mineral cannot actually be detected in the 
rocks; he concluded that soda-anorthite must be contained in 
the plagioclase. The present writer found it necessary to make 
the same assumption in the case of certain lavas from Mauritius. 
F. F. Osborne, T. Krokstrbm, and Nockotds and Zies have 
also favoured this explanation of the abr>ormal composition of 
certain feldspars; but D. Beljankin prefers to assume an excess 
of sodium aluminate rather than a deficiency of silica in such 
cases. Whichever explanation one adopts, the fact seems to 
be established that some plagioclase feldspar contains less silica 
than is appropriate to the simple albite-anorthite substitution 
.series. 

Barium tons are present in small quantity in most potash- 
rich feldspar; also in large quantity in an abnormal plagio¬ 
clase de.scnb^ by Nockolds and Zies. But barium is not an 
important constituent of normal eruptive rocks. 

Between potassium atoms and calcium atoms there is so 
great a difference in ionic radius that potassium-calcium feld¬ 
spar seems to be an impossibility. Potash-rich feldspar in 
nature carries little more than a trace of lime, and lime-rich 
feldspar scarcely any potassium; but the more sodic feldspars 
such as anorthoclase and potash-albite may hold both potas¬ 
sium atoms and calcium atoms in subordinate amount. 

The composition of any feldspar is conveniently expressed 
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by thfi use of the symbols Of, Ab »nd An for the pure end- 
njorobers; thus Ab„ An„ would be a plagioclase falling in the 
labradorite sectioo of the series; and Or»« Ab«« Aftt is the com¬ 
position of a possible anorthoclase. 

The feldspars have all been produced synthetically. 
Plagioclase holding more than dD per cent of anoithitc will 
crystallize from a simple melt of its constituents, but soda-rich 
plagioclase, as well as pure albite and pure orthoclase, can 
only be induced to crystallize by the addition of a flux. The 
■pelting point of pure anorthitc is 1663±2* C. (Osborn, 1942). 
that of albite 1116*±6* C. 0- P- Schairer). Orthoclase dis- 
sociaies at 1150 ±20* C. into leucite and a siliceous liquid 
(Bowen and Schairer, 1947). Under hydrothermal conditions, 
orthoclase has been ^nthesized at SCO*, albite at 450*, and 
anorthitc at 470* (Morey and Ingerson). 

Thb Pyroxesk Family 

Structurally, the pyroxenes consist of endless chains <rf 
linked silicon-oxygen tetrahedrons, bound tog^er laterally by 
magnesium and calcium atoms which are joined to oxygen, 
not directly to silicon. Since each siliocm atom is joined to 
four oxygen atoms, and each oxygen either to another silicon 
or to a metal atom, tho typical formula is either MgSiO* or 
CaMg(SiO,)t. The oompouod CaSiO,, although it occurs in 
future as the mineral wollastonite, has a different atomic 
structure from the pyroxenes; for this reason the number of 
calcium atoms in a pyroxene is rarely more than the number 
of magnesium atoms, though it is <^ten less. The possible 
kinds of atomic substitution In this family are (i) Fe*. Ni or 
Mn for Mg; (U) Al, or Fe*", for Mg-Si; (iii) Na-Al, Na-Fe'", 
or Li-Al for Ca-Mg. 

The following are the simple pyroxenes 

R'SIO, 

R*R*(SiO.), 

|l'R'«(SiO,), 

1. MgSiO, 
9. FeSiO, 
8. MoSiO, 
4. CaMgfStO,) 
6. CaF^SiOl 
6. NaAl(SiO,), 
7. NaFdSlO,), 
9. LiAHSO,), 

Enstatite 
Perrosilite (tbeoreticat) 
Rhodonite 
Diopside 
Hedenbergite 
Jaddte 
42girlne (acmlte) 
Sp^umeoe 
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The three kinds of k>ntc substitution mentioned above give 
rise to four substitution series, as follows: 

A. The Orthopyroxtne or Hypersthtne series, ranging 
* from enstatite to ferrosilite. A little manganese in^jr be pM~ 
sent, but much manganese makes the structure tridinic. The 
enstatite and the hyperstbene ordinarily found in rocks ace 
rhombic in crystallization, but at high temperatures (1X40* C* 
for MgSiOa, below d56' C. for varieties ri^ in FeSiOf) they 
transform into monoclinic varieties known as dinoonsutite and 
dino-hypersthene; these are rarely found in eruptive rocks but 
are well^nown in meteorites. Pure FeSiO, is unknown in the 
crystalline state. 

B. The Augile series. Corudod augite is merely a 
moderately aluminous variety of diopside^hedeabergite, 
formed by the partial substitution of Alg for Mg-Si. The 
preportion cd alumina in common augite is ftom d to 9 per 
cent, and some ferric oxide or chromic oxide may accompany 
it. 

C. The EnsUitit«-AugiU series, so named by W. Wahl 
in 1907, includes pyroxenes which are intermediate between 
scries A and series B. A distinguishing feature of this series 
is that as the content of ensutite increases the optic axial angle 
diminishes to zero and then opens out again at right angles 
to its former position. A pyroxene with a very small axial 
angle was described by A. N. Winchdl in 1900 and named 
“pigeonite” (from Pigeon Point, Minnesota); it has now 
bewme the practice to extertd this name lo all monodinic 
pyroxenes of small axial angle, that is, to the more magnesian 
members of the enstatUe-augiic series. H. Kuno (1) put the 
limit at 45*, all monoclinic pyroxenes of smaller axial aagle 
than this being called pigeonite, all others augite; but H. H. 
Hess has given reasons for preferring the limit 9Vw89*. 

T. F. W. Banh (2) contends that pigeonite is only formed 
under conditions of rapid cooling, as in basak, and that under 
slow cooling hypersthene and augite crystallize separately, as 
in gabbro and norite; pigeonite is therefore r^arded as a 
naelastable mineral. Hess and Phillips have shown that 
Qftbopyroxene in plutonic rocks often contains thin lamellae of 
cllno>pyroxenc arranged parallel to the optic plane; they ex> 
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plain this by exsolution of diopside from an originally homo* 
geneous pyroxene (diopside-hyperstbeoe). But H. Kuno 
maintains that iron>rich pigeonite is stable even under plutonic 
conditions. 

D. The Soia-Dioptid* series. This results from the 
substitution, in the diopside structure, of Na.Al or Na-Fe"' 
for Ca-Si or Mg*Si, forming jadeite-diopside and acmite- 
diopside respectively. Jadeite-diopside is almost restricted to 
metamorphic rocks, but the acmiu^iopside series, often called 
“ segirine-augite," is well known in (he alkaline eruptive 
rocks. 

All the pyroxenes have been prepared synthetically, 
although Bowen and Schairer found it impossible to induce a 
pure melasilicate melt to crysullize completely in the rhombic 
form. By using calcium fluoride as a flux, D. P. Grigoriev (1) 
succeeded in lowering the freezing-point of a magnesium meta- 
silicate melt so far that rhombic enstatite crystallized out. 
Ciino^nstatite and clincvhypersihene, as well as diopside and 
bedenbergite, crystallize readily from dry melts. Diopside 
melts at 1391* C. (Bowen); clino-enstatite melts incongruently 
at 1667* C. (Bowen and Andersen). Acmite has been syn- 
thetized by fusing its constituents along with an excess of NaCl; 
it melm at 990* C. (Bowen and Schairer, i). 

The Amphibole Family 

The amphiboles are chain compounds, like the pyroxenes, 
but with this difference that the amphibole chain is a double 
one. Chemically, magnesium always exceeds calcium, and 
hydrogen or hydroxy] ions are always present; thus the 
formula of an amphibole is much nnore complex than that of 
the nearest pyroxene. 

Corresponding to enstatite there is anthophyiliU, which 
may be written H,Mg,{SiO,), or (0H),Mg,Si,0,„ and a series 
of ortko-^mphibcUs analogous to the orthopyroxenes. These 
seem to be confined to metamorphic rocks. 

The place of diopside is taken in the amphibole family by 
tfcmoKu, H,CatMg,(SlO,)„ or (0H),Ca,Mg,Si»0„. In this 
formula calcium is replaceable by sodium; magnesium by 
ferrous iron or manganese and also in part by aluminium; 



THE PrXED CONSTITUBKXS OF BRUPTIVF. ROCKS 2t 

siltoon in part by aluminium; and aluminium by ferric iron. 
Titanium and fluorine may also enter the structure. The pro¬ 
duct of all these substitutions is the stfUs, analo¬ 
gous to the augite series but considerably more complex. The 
mineral that we call common hornblende has really a very wide 
range of composition. Most hornblende is green, but there is 
a dark brown variety that has long been known as "basaltic 
hornblende." It has been shown by Kozu and Yoshilci that 
this brown variety is formed when common green hornblende 
is heated above 750* C. The transformation is accompanied by 
oxidation of iron and loss of water. 

From the tremolite formula, by the usual substitutions, 
we may deduce a series of sod<Mtmpkibol$s. The best known 
of these are glauoophane, (OH),Na,MgtAlfSi«Ou, and the re¬ 
lated riebeckite and arfvedsonite in which the place of mag¬ 
nesium and aluminium is taken by ferrous and ferric iron. 
iCnigmatite, another sodium-iron silicate, is usually placed 
among the amphiboles but is now known to have a different 
atomic structure. 

V. von Chrustcboff is reported to have obtained ampht- 
bole crystals by heating silica, alumina, and various 
hydroxi^s to 550* C. in presence of water; but a supposed 
amphibole obtained by Allen and Clement under similar con¬ 
ditions has since been shown to be olivine. D. P. Grigoriev (2) 
has however prepared a fluorine hornblende, that is, one in 
which the place of hydroxyl is taken by fluorine, from a dry 
melt. 

The Mica Family 

X-ray study has shown that the unit cell of the mica 
structure contains twelve mtygen atoms, two of which belong 
to hydroxyl groups. The formula of mtucootta is accordingly 
KAI,SiiO,((OH)|. The substitution of sodium for potassium 
gives paragonitt, and the partial substitution of lithium for 
aluminium gives leptdoUU and other lithia micas. In phU>- 
gopUe two atoms of aluminium are replaced by three atoms of 
magnesium, giving the formula KMg,AlSi.Oi»(OH),; and in 
blatiU there is a further substitution of Fe' for Mg and Fc"' 
for AI. Lepidontelane is a variety of biotite very rich in both 
ferrous and ferric iron. Fluorine is a fairly constant minor 
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ooastituent oi most raicss; it replaces hydroxyl and may make 
up as much as 7 per cent of some lithia'micas. 

Both nuscovite and biotite have been prepared in the 
laboratory with the aid of fluxes containing fluorine. The 
seoce of water is not essential since the place of hydroxyl can 
be taken by fluorine; in this way D. P. Grigoriev (8) has 
prepared phlogopite from a dry melt. W. Noll has lately 
succeetfed in synthesizing muscovite from a gel at the surprise 
ingly low temperature 235* C.; it is thought that it may 
form at even lower temperature in nature. When heated under 
atmospheric pressure the micas do not melt but dissociate, 
forming various anhydrous silicates of simpler constitution. 

Thb Tourmalinb Family 

The range of composition exhibited by members, of the 
tourmaline family is exceptionally wide and the atomic struc¬ 
ture is not yet known. M. J. Buerger gives the following 
formula for the colourless tourmaline ^ De Kalb, New York : 
NaMg,B,Al«Si,0„(OH).. Tourmaline is the only common 
rock-forming mineral that contains boron, always amounting 
to about 10 per cent, of BjOt. Tourmaline has been synthe¬ 
sized by heating the necessary oxides M^ether with water in a 
high pressure autoclave at 400* to 450*. F. G. Smith finds 
that tourmaline is stable in aqueous solutions of low alkalinity, 
but unstable in either strongly apid or strongly alkaline solu¬ 
tions. troQ-rich tourmaline melts incongruently about 1050*. 

Tmb Olivine Family 

Common olivine is a substitution complex ranging in 
composition from feTsUrii$, MgtSiO, to /ayaHfa, FesSiO.. A 
small pr^>onion of manganese is usually present. A lim^ 
bearing olivine, is very rare occurrence in erup¬ 
tive rocks^ Olivine crystallizes readily from magnesium 
silicate melts which leek the silica necessary for the formation 
of ensunite. If excess of silica is present, fbrsterite may 
appear as a temporary phase, but it is later transformed into 
eostatite (die Bowen-Anderseo reaction). 

Forsterrte melts at 1890* C. and fayaltte at 1905* C. (N‘. L. 
Bowen and ]. W. Sebairer, 2). Greig, Merwin and Shepherd 
have shown experimentally that fayalite may be form^ by 
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reaction betweea iroo oxide and hot vapours carrying aiUoaj 
they consider that the fiayalite that so often occupies cavities 
iu acid lavas may have b^n formed in this way. 

I'HE Garnet Family 

This family includes a number of isomorphous species 
which conform to the empirical formula RiXjfSiOO,, where 
R stands for magnesium, calcium, ferrous iron or manganese, 
and X for aluminium, ferric iron, titanium or chromium. An 
artificial soda-garnet has been prepared, and soda has been 
detected in some varieties of garnet. Some o( the simpler 
species are as follows 

Grouularite Ca,Al,(SiOJt 
Pyrope Mg,Al,fSiOJ, 
Spessartite Mn,Ai,(SiOj, 
Aimandtoe Fe,Al,(SiOj, 
Andradite Ca,Fe,(SiOjf 

CommOQ garnets contain the ions of two or three of these 
species at once. Grossularite is confined to meiamorphic 
rocks, but the other species may occur scantily in eniptives. 
Pyrope and m«ianita~a titaniferous variety of andradite—are 
only known in rocks with a very low content of silica, the 
former in association with olivine, the latter with nepheline or 
leucite; aimandine and spessartite on the other hand are found 
in very acid granites and pegmatites. Most garnets do not 
recrystallize' as such after melting, but melanite and spessartite 
have been prepared from melts. Spessartite melts oongruently 
at 1300* (R. B. Snow). Manganese and lime garnets were pre¬ 
pared by A. Gorgeu, by heating pipeclay to redness, along 
with manganese chloride or calcium chloride, in a stream of 
water vapour. 

The Epidote Family 

This family appears, from its empirical formula, to be 
closely related to the garnet family. The simple lime-epidote 
(zoisite) has the formula Cai(A10H)AI,(5i0«),. Common 
epidote differs from this only by having part of the aluminium 
replaced by iron. In allanite, or cerium epidote, aluminium is 
partly replaced by cerium, lanthanum, and didymium. Al¬ 
though epidote occurs quite abundantly in some granites, It is 
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not strictly s ma^fttic mineral but a product of hydrothermal 
action In the late suges of cooling. The synthesis of cpidote 
has not yet been elfeaed. • 

The Mk-imte Family 

The following simple molecules enter into the composition 

of natural melilite: 

Akermaoite Ca,MgSi,0, 
Iron.«kennanite Ca^FeSi^O, 
Gebleoite Ca^AljSiOf 
Soda-melUite Na^St^Of 

The general formula established by C. Warren is (Ca,Na), 
(Mg,AIKSi,Al)aO,. J. R. Goldsmith hnds that soda-melUite 
is scduble in gehlenite up to 15 per cent, but is not soluble in 
akermanite. Melilite crystallizes easily from dry fusion of its 
constituents; it is a comn>on produa in furnace slags. Melilite 
is only formed in eruptive rodcs of extremely low silica content. 
It is nearly always accompanied by olivine and perovskite and 
frequently by nepheline or leucite. 

The Nephelii^e Family 

This family contains the ^>ecies nefh4hiu, to which the 
formula NaAlSiO« has generally been assigned, and haKo. 
philita or potash-nephelioe, as well as helnlila, a rare poly* 
morph of the latter. It has long been known that natural 
nepheline contains some potassium, and Washgen and 
Buerger have latdy found that the crystal structure of nepheline 
requires one alkali-atom in four to be potassium, so the formula 
of nepheline should be written Na,K(A]SiO«)«. Some 
analyses of nepheline show mwe silica than this formula r^ 
quires, and N. L. Bowen has proved that potential albite 
(as well as potential anorthite) may be present in natural 
nepheline. '^e composition of two examples this mineral 
from East Africa is expressed os follows (Bowen and Ellestad). 

(0 {*) 
Soda-nepheline 61-8 574) 
Potash-nephdine 12-8 376 
Afbite 20-8 10 
Anorthite 46 4-4 
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This raUier surprising result is more easily understood if one 
writes the formula of nepheline thus, N4,AI.Si,0„; then the 

^substitution of four atoms of calcium for eight of sodium gives 
Ca«AUSi|Ot„ or anorthite, and the replacement of 4 NaAl by 
4 SI gives Na^Al.Sii.O,,, or aibite. 

Nepheline has been synthesized by fusing its constituents 
together, with the addition of sodium tungstate as a flux. It 
has also been produced by various hydrothermal reactions; 
G, Friedei obtained it by treating muscovite with a ten per 
cent solution of sodium hydroxide at 280* C. Kaliophilite was 
prepared by G. W. Morey by heating potassium aluminate 
and silica with water at 600* C. under a pressure of about 1,000 

' atmospheres. 

Nepheline transforms at 1248* C. into a cubic modifies* 
tion called carnegieitc which, on cooling, does not revert to 
nepheline but develops a complicated twinning like that of 
plagioclase (Bowen and Greig). 

Cancnnila is a substitution product of nepheline contain* 
ing CO* groups, on occasion also SO* groups. Its composi¬ 
tion may be expressed in an easily remembered form by the 
empiricM formula 6 NaAlSiO« + NaHCO,. Cancrinite was 
synthesized by J. Lemberg by heating kaolin in a solution of 
sodium carbonate. 

In spite of a difference in crystalline form (isometric in¬ 
stead of hexagonal) the sodalite group of minerals should also 
be considered here. T. F. W. Barth (8) has shown that the 
formula of sodalite is Na,Al.Si.O,*Cl, (more easily remem¬ 
bered as 6 nepheline+Na,Cl,) and that of nosean is similar, 
with SO* in place of Cl, (or 6 nepheIlnc+Na,SO*). Haiiyne, 
formerly regarded as a distinct species, was shown to be a 
solid solution between nosean and a calcium silicate—that is 
to My, some of the sodium atoms in nosean are replaced by 
oilcium atoms and extra SO* groups are simultaneously built 
into the structure. Both sodalite and nosean were prepared 
synthetically by G. Friedei, by heating muscovite with sodium 
chloride or sodium sulphate solutions. T. F. W. Barth has 
prepared nosean by fusing a glass of the composition of 
nepheline along with sodium sulphate at 800* C. 
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Lec'ctrs akd Anm^mb 
Tlte empirical formula of leudte is KAlSuO*. The 

foMmila of aoalcime is similar to that of leucite, with soda in 
place of potash, and with water d crystallization added; it is 
generally written KaAlSiaO.^HiO. J. Lemberg showed that 
leucite can be transformed into analcime, or analcime into 
leucite, by treatment of the powdered minerals with solutions 
of soda and potash salts respectively at 160' C. In spite of 
the simple relationship, naturri leucite contains very little 
soda and analcime seldom more than a trace of potash. Bnt 
Larsea and Birie have described a high-temperature anakime 
in which pota^ forms a quarter of the total alkali present. 
Leucite crystallizes readily from dry fuston, but analcime re¬ 
quires tbe presence of water under pressure, and was prepared 

A. de SchultcQ by heating alumina with a sodium silicate 
solution at 180* C. Letiche melts at 1686* C. (Bowen and 
Schairer, 8). 

PteudO’UudU and 0pi-U%ciU are formed in certain rocks 
by the transforaabon leucite (and perhaps analcime?). 
Hseudo-leacite is an aggregate of orthoclase aod nepheline; 
ia a further stage of tnaaformatioB tbe nepbeline may be re- 
placad by white mica or aedises. Bpi-letmite, as described by 
A. Zavarickij, is an intergrowth of orthoclase and muscovite, 
both <rf whi^ have been formed directly from leucite witliout 
thr iolerventioo of nephehse. 

Ths StucA Group 
Quartz is tbe stable form of silica under atmospheric 

pressuK, at all tenperaciices up to 870* C.: tridymite b^ween 
870* aod U70* C.; and cristobalite from 1470* C* to its melting 
point at 1718* C. With slow cooling, and ia presenceof fluxes 
which ensure free movement of the modules, both tridymite 
and cristobalite transform into quartz when the temperature 
fdls bdow 870* C.; bence in deq>-seated eruptive rodts only 
quartz is found. But the transformation is sluggish, and rapid 
cooling of the mdt may delay it to such an extent that one or 
other d the high-temperature forms is perpetuated under con¬ 
ditions that are theoretically unfavourable to it. Thus one 
can understand why tridymite and cristobalite are often found 
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in lavas, but never in deep-seated rocks. C. N. Fenner writes 
that:— 

• , ** The presence of eristobellte or tridyinite In a rock does not necea- 
sarily imply that at the rime of fonnarion of these tnlnerab the tempera* 
ture was above (he respective inversion points (1470* and 870*). Any 
set of conditions which win brinE together quantities of ungroup^ SIOs 
molecules in such a manner as to favor their rapid atscmbUge in definite 
mupina without giving time for perfect equlllbriwm to be established 
(as In the reaciloni of vapors): or which will suddenly bring a system in 
which equilibrium prevails into new conditions, at the same time intro- 
dudng obetacles to the establishment of a new equilibrium (as in the 
sudden chining of a melt), will favor the deposition of unstable forms.** 

A. Lacroix daims that tridymice was formed, in the lavas 
of Mt. Pelde, by crystallization of the glossy base of the rock 
under the influence of heated water vapour; and A. F. Rogers 
has described an instance in California of the production of a 
feldspar-tridymite rock by devitrification of obsidian under the 
action of hot vapours. D. S. Beljankin and V. P. Petrov find 
cristobalite to be not at all uncommon in young dacitic and 
andesitic lavas of the Caucasus and Transcaucasia. E. K. 
Ustiev describes a dacite of the middle Caucasus, containing 
7 to 10 per cent of tridymite and cristobalite; both minerals 
are believed to have been formed by recrystallization of the 
glassy base of the rock under the influence of magmatic gases. 
Van Valkenburg and Buie record octahedral crystals of cristiv 
halite, deposited on fibres of mordenite in cavities in basalt. 
They conclude that the crystals must have formed not far 
from 300* or 400* C.” But H. Kuno (3) has observed tridy¬ 
mite and cristobalite in the groundmass of many Japanese lavas 
and considers these minerals to be of primary crystallizatioo. 
The same opinion is expressed by A. G. Msegregor regarding 
tridymite in the lavas of Montserrat; and by R. $. Larsen, who 
has described lavas containing 20-80 per cent of tridymite tn 
Colorado. 

Quartz itself is known in two forms which differ slightly in 
appearance and crystallographic character, and have a trans* 
formation point at 678* C. The quartz in nearly all eruptive 
rocks has the crystal habit of high-quartz, although at atmos¬ 
pheric temperature it is actually low-quartz. In some coarse 
grained granites and pegmatites low-quartz was present from 
the beginning. (See p. 56.) 

4 
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Aoy fonn of silica can be converted into cristobalite by 
heating nearly to the melting point, without the aid of a flux. 
Both tridymite and cristobalite make their appearance in the 
silica bricks which are used lining furnaces. To obtain 
qtiartz crystals in the laboratory, the agency of water as a flux 
is generally required, but Morey and Bowen (3) have obtained 
quartz bipyramids from an anhydrous sodium silicate melt at 
760‘ C. 

Under hydrothermal conditions quartz has been syn¬ 
thesized at 350*, tridymite at 350', and cristobalite at 350* 
(Moiey and Ingerson). 

OTHRt MlNBJtALS 

Oxides. The commonest ^^hese Is magntliu, Fe,0,, or 
P«0,FetO,. The ferrous iron in Vis formula replaceable by 
magnesium or manganese, and ferric iron by aluminium 
or cbrooiium, giving a series of isomorphous compounds 
which are known collectively as spintl. Ferric iron is also 
replaceable to a oooaiderable extent by titanium, giving 
tkanomagnetite, which forms a connecting link between pure 
magnetite and the highly tiuniferous FeTiO,, or 
(Fe,TI)/^. 

Htmaiiu, Fe,0„ is a scanty constitueat of many eruptive 
rocks and is perhaps in most cases an alteration product. ’ The 
s^e remarks apply to futile, TiO,, and other oxides of 
titanium. Corundum, Al,0,, is an uncommon constituent of 
eruptive rocks, and its appearance, in certain cases at least, is 
due to solution of aluminous sediments by the magma. 

Magnetite crystallises directly from silicate melts and 
furnace slags. It has been melted in the laboratory at 
1591* C., under a small pressure of oxygen (J. W. Greig and 
wlleagues). Hematite is produced by the action of steam on 
iron salts at red heat; it is often observed in the slsggy parts 
of lava-flows, where the Iron silicates of the magma have been 
decomposed by steam. The spinels have been crystallized 
by various processes involving the use of fluxes. Corundum 
crystallizes from dry sUicate melts, and from direct fusion of 
alumina in the oxy-hydrogen blowpipe; it has also been ob- 
talned at temperatures as low as 400* C. by heating alumina 
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with sodium 
known:— 

hydroxide. The following melting points are 

Corundum 2040* C. 
Chromite 2180* C. 
Hematite 1565 ’C. 
llmenite 1450* C. 

^ Zircon and Zirconoeilicatcs. The principal minerals 
which contain xirconium, in eruptive rocks, are 

Zircon, ZrSiO, 
Eucolite (eudialyte), perhaps 

(Na,Ca.Fe).Zr(OH,Cl)(SiO,)« 
Catapleiite, N8,2r(Si0,),+2H,0 

also woklertte, rosenbuschile, lavenile, and others of doubtful 
composition. Zircon alortc is of common occurrence, but 
eudialyte and others are important in certain classes of rocks. 
The melting point of zircon is 2560*. 

Titanosilicates and Titanatcs. Many ntinerals have 
already been mentioned in which titania takes part. The 
following should be added 

Sphene CaSiTiO, 
Perovskite CaTiO, 

Astrophyllite Fe4Na,Ti(SIO*)« 

j^nigmatiU and rh^iU arc rare titanosilicates which were 
formerly referred to the amphibole group. 

Phosphates. In addition to apatite, 3Ca.P,0„CaFj, 
which is found in traces in nearly all eruptive rocks, it appears 
that xenotime, YPO4, is not uncommon in granites and 
syenites, where it is often mistaken for zircon. MotuuHe, a 
phosphate of the cerium group of metals, occurs in some 
granites. W. Mackie has found it to be widely distribated in 
the granites of the North of Scotland. The melting point of 
fiuor-apatite is 16S0* C. 

Solphides. Pyrite, FeS|, and pyrrhotite (magoesic 
pyrites) FeiS« are common. Chher sulphides, such as ciialoo* 
pyrite, CuFeS,} bornite, Cu.FeS,; pentlandite (Fe,Ni>S} and 
mispickel, PeAsS, are only occasionally present in significaAt 
quantities. The sulphides are slightly more fusible rhnn 
silicates. Pyrrhotite melts at 1188* C. (B. T. Allan 
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Others), and chaloopyrite probably below 1100*. J. IL L. 
Vogt gives the following melting points:—Cu«S, 1180* C.; 

FeS, 1170* C. 

Plaorides and Flooellieates. Among these are:— 

Fluorite CaFi 
Topaz Al(AlF,)SiO* 
Cryolite Na,AlF, 

Topaz and fluorite are often found in the marginal facies of 
granite masses,, where they replace feldspar. Cryolite is only 
known in some granite-pegmatites. Fluorite melts at 1878* 

(Kracek) and cryolite at 977*. 

The Reumivb Abundancb op the Various Minerals and 

Elements 

F. W. Clarke has made an approximate estimate of the 
proportions in which the commoner minerals occur in eruptive 

rocks, with the following result 

Peldipar* make up 80 p«f cent’ of all roeka ezamiiwd. Me^ 
rilicataii^roxenes and ampWbotea) make yp Vt per cent of ell 
eaamined. Quaru makea up 19 per cent of all nx^ ezamln^. Mlw 
oiake up 4 per c»t of eD rodca eaamined. All otbor mincrah together 
make up 6 per cant of all rocks examined. 

If we compare intrusive with extrusive rocks, in respmt 
of mineralogical composition, it will be found that such dif¬ 
ferences as appear relate only to the less common minerals. 
Thus tfidymite and cristobalite are restricted to lavas, and 
leucite and melilite are nearly so restricted: while muscovite, 
tourmaline, and cancrinlte are very seldom seen In lavas, what¬ 
ever their composition. All other minerals occur indifferently 
in major intrusions, minor intrusions, and surface flows. 

We owe to F. W. Clarke and H. S. Washin^on an 
elaborate computation of the average chemical composition of 
eruptive rocks. The first uble gives the proportions of the 
commoner oxides; the second table that of the Individual ele¬ 
ments. In the case those elements that amount to less than 
■001 per cent, the approximate proportion is indicated by a 
cross in the appropriate position after the decimal point. 
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TABLE I 
Average Compositiom in Texus of Oxides 

(Clarke and Waahiag:ton) 
SiO, 59-12 CO, OiOl Cr.O, 0055 
A1,0, 1S-S4 TiO, 1-050 VO. 0026 
Fc,0, 808 ZrO, 0-039 MnO 0-124 
FeO 880 0-299 NiO 0025 

849 a 0 048 BaO 0055 
CaO 508 p 0080 SrO 0-022 
Na,0 884 s 0-052 u,o 0008 
k|o 313 (Ce,Y),0. 0020 
H.O 115 99-984 

TABLE n 
Average Composition in Terms of Elements 

(Clarke and Washtn^on) 

1. Oxygen 46-41 Rubidium 
2. Silicon 27 58 Arsenic 
8. Alufrunium 808 Molybdenum 
4. Iron 5-06 Tin 
5. Calciuni 361 Bromine 
6. Sodium 283 Caesium 
7. Potassium 2-58 Scandium 
8. Magnesium 

Titanium 
209 Antimony 

9. 0720 Cadmium 
10. Phosf^orus 0157 Mercury 
11. Hydrogen 0129 Iodine 
12. Manganese 

Chlorine 
0-124 Bismuth 

13. 0096 Tungsten 
14. Barium 0081 Thortum 
15. Sulphur 

Chromium 
0-080 Cotumbium 1 

16. 0068 Tantalum J 
17. Zireonium 0052 Uranium 
18. Carbon 0061 Silver 
19. Vanadium 0041 Selenium 
20. Strontium 0-034 Platinum 
21. Nickel 0081 Tellurium 
22. Fluorine 0080 Gold 
23. Cerium, yttrium 0020 Tballium 
24. 
25. 

CMper 
Lithium 

OOlO 
0005 

Indium 
Gallium 

26. Zinc 0004 Germanium 

27. Cobalt 0008 Radium 
28. L^d 0-002 
29. Boron OOOl 
30. Beryllium 0001 

ooo,x 
>1 

II 

oob.ox 
II 

M 

tl 

II 

ow.oox 
II 

II 

If 

II 

II 

•000,000,X 

II 

•ooo.'ooo.ox 
ooo.ooo.oox 

•OM.OOO.OOO.X 
•ooo,ooo.ooo.oox 
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Later computations, which have been summarized by E. 
Trbger, suggest that some of the minor elements—particularly 
beryllium, lithium and boron—may be less scarce than these, 
hgures suggest. An nllcrnative estimation has been made by 
T. F. W. Barth (4). 
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CHAPTER III 

THE FUGITIVE CONSTITUENTS OF THE MAGMA 

By fugitive constituents we mean substances which were pre* 
sent in the msgma before freezing set in, but were for the 
greater part lost during the process of crystallization, so that 
they do not commonly appear as rock constituents. These 
substances may be gases and vapours which escape from the 
magma when the external pressure is reduced, or scduble salts 
which are carried away in solution by magmatic or even 

rrteteoric water.' 
The evidence relating to the fugitive constituents of the 

magma is drawn from four sources; first, from observation of 
active volcanoes and fumaroles in the field; second, from the 
chemical and microscopical study of the liquids and gases 
enclosed or occluded whhin eruptive rocks and rock minerals; 
third, from the study of contact metamorphism; fourth, from 
experiments upon the conditions of formation of crystalline 

silicates. 
The most satisfactory investigations of volcanic gases that 

have ever been made are th<Me of A. L. Day, E. S. Shepherd 
and T. A. Jaggar at Kilauea. The gases were collected by 
thrusting iron pipes, or vacuum tubes with soft glass plugs, 
into cracks in the domes which formed above lava fountains. 
All possible care was taken to prevent contamination of the 

* N. L. Bcnrea lus iatcpCMtd the Mrw krfar/ntiN* tamfananlt, and this, in 
tht abbreviated foca ** hTperfosibtM,’' it cowiag into popelaritY. It doaa 
not, bowerer, have eueb e wide eooMUtiM u (a(it>ve oooatltseatt " 
tioM ceapottikd* aucfa as sodius asetatillcate, todina aluaiaate, and Um 

and earbonatas td tbe aOtalit cannot fairljr be said to be '* excee- 
tively toBibti.'* Both Urau are sstful, b«n the; thoold not be eonlnsed. 
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^ases by air, but the difficulty of collecting flaming gas is so 
great that some degree of contamination seems to have been 
unavoidable. In the first collections by Day and Shepherd, 
water was not estimated, owing to the observers being unpre¬ 
pared for its appearance; nevertheless a large proportion of 
water condensed in the collecting tubes. In later collections 
by Shepherd and Jaggar, arrangements were made for deter¬ 
mining water. A few representative analyses from the 1917 
and 1919 collections are quoted below. The figures refer to 
volumes per cent at 1900* C. 

CO, CO H, N, A SO, SO, S a, H,0 
47 68 140 0-48 8-41 014 11 15 0-48 001 0 04 30-18 
11 18 3 93 148 — 0 51 — — 8-61 0-03 77-50 
365 104 488 33-88 n.d. 0-16 0 70 n.d. 67-06 

1796 0-36 1-35 37-84 n.d. 3-51 — 0-49 n.d. 38-48 
33-48 1-43 1-66 18-88 0-45 89-83 — 1-79 0-17 17-97 

6 63 0-23 0 15 8 37 0 56 3 33 5 61 — Ml 80^31 
5-79 — ~ 7-93 n.d. 4-T6 3-41 — 408 75-09 
1-48 0-05 0-08 0-68 0 05 0-61 — 007 0-03 9709 

In summarizing the results obtained between 1919 and 
1919, Sheplierd points out that the principal emanation from 
Kilauea is water, which averages about 70 per cent of the total 
gas evolved. Next in abundance is carbon dioxide, with 
sulphur dioxide in the third place. Chlorine b relatively 
scarce, and hydrocarbons are absent or inappreciable. The 
ratio of argon to nitrogen is about three times as great in the 
volcanic gases as it b in air. 

All the work that has been done on the subject goes to 
show that die composition of the emanation varies greatly 
from place to place and from time to time. This is ^ainly 
shown even by the small number of analyses quoted above. 
That this must be the case is evident when one considers that 
such gases as hydrogen and carbon dioxide, hydrogen and 
sulphur dioxide, reaa with one another at high temperatures: 
and further, that some of these gases are capable of reacting 
even with the silicates and oxides in lava; that, in fact, '* whau 
ever may have been the previous opportunities for chemical 
readjustment among the gases as they rose in solution with the 
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im^ma and were gradually set free with diminishing pressure, 
they are still in process of active reaction when discharged into 
the ttr.'* (Day and Shepherd.) 

The question must then arise, whether the water which is 
the chief and In many respects the most interesting component 
of the emanation was present as such in the lava, or was 
formed by oxidation of hydrogen at the surface of the lava 
lake. T. A. Jaggar has shown that air may be carried down 
into die lava by the foundering of blodcs of the frozen crust, 
which carry air in their pores; thus oxidation may begin even 
before the gases reach the surface of the lake. But only a 
small proportion of the water in the emanation could have 
been formed by atmospheric oxidation, for if much water were 
formed in this way then the ratio of nitrogen to oxygen in the 
escaping gases would be much greater than it actually iSu In 
a later paper, Jaggar admits that he formerly attached too 
much importance to atmospheric burning, and says ‘‘there 
is no slightest question that hydrogen monoxide is a magmatic 

product." 
Water may also be formed by reaction between hydrogen 

and carbon dtoxide, with production of carbon monoxide. 
But the latter gas is quite a minor constituent of the emana* 
don, generally forming less than one per cent of the whole, 
90 Rttle water can have been produced in this way. In short, 
we seem to be compelled to b^eve, with E. S. Shepherd, that 
"at Kilauea the major constituent is water, and the question 
as to its meteoric or plutonic origin has been fairly well estab¬ 
lished in favor of the plutonic." 

This-ooDchision receives strong support from the presence 
of firmly held water (as distinct from moiwure given off « 

m rfl fresh eruptive rocks. From data collected by 
H. S. WMhirgton, it appears that die average proportion of 
combined water in deepUeated rocks is about l>8 per cent of 
(be weight of the rode, and in lavas l-fi per cent, while in cer- 
Min glassy rocks (piedistones) there may be as mach as ten per 
cent of water by weight. J. D. Dana showed that the amount 
of water required to produce the beautiful " thread lace " scoria 
at Kilauea was at least 1*1 per cent by weight of the active lava. 
E. T. Allen calculated that if the water in wrwmgt granite were 
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entirely expelled at lUO* (X, under acmoeplieric prmintrr, it 
would occupy a volume thirty times that of the lock, aod the 
water in average basalt under the same condkione would atnouiu 
to c^hiy^cven times the volume of the rock from which it was 
expelled. 

E. S. Shepherd and H. E. Merwin have studied the oom> 
position of the gases yielded by specimens of cold, solid lava 
when heated in vacuo. Lavas of Mont Pelte and of Hawaii 
were examined in this way, and Shepherd reports that the 
gases given off are almost identical with gases collected 
directly from the lava lake at Kilauea. He shows, further* 
mow, that the gases obtained from lavas, regardless of origin, 
all agree in this respect that water forms about eighty per cent 
of the total As regards the source of this water, 
Shepherd establishes the very significant fact that the ratio of 
nitrt^n to water in the gases is about 8:68, whereas if the 
nitrogen and oxygen had been derived from the atmo^here 
this ratio would have been 70 : 80. 

It has long been known that pitchstones and basaltic 
glasses, which represent rapidly chilli magma, hold from ftve 
to ten per cent of water; and this has been regarded as strong 
evidence of the hydrous character of natural magma. But 
C. N. Fenner (1) has thrown some doubt upon this conclusion 
by showing that between the finciy>crystailine Wacchuog 
basalt of New Jersey and its glassy selvedge there 19 not Odriy 

a difference in water content, but also a marked difference in 
the ratio of soda to potash, and in the proporrion of silica. L. 
Hawkes and H. F. Harwood have made a similar comparison 
between the central stony portion and the glassy marginal facies 
of a dyke near Sandfell, Iceland, with the result shown in the 
following table:^ 

CUu*y Mmrfim. SUaji CtiUfr. 

SiO, 
Na,6 

C0mf*ii/t0a. 
7D-S5 7i-n 

6-08 
K,0 258 484 
H.O 7-28 •62 

Quartz 2926 88 36 
Orthociase 1523 2568 
Albite 4292 3306 
Anorthite 1-76 1-39 
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Both Fenner and Hawkes attribute these differences to 
changes that have uken pUce in the composition of the glassy 
rocks since their formation. If they are right, then it would 
no longer be permissible to srgue from the waier-ctmtent oi 
the glassy rock to that of the magma, and one of the oldest 
arguments in favour of the hydrous nature of the magma would 
be destroyed. But the question need not concern us greatly 
in view of the evidence derived from other sources. 

An, extraordinarily important series of experiments by 
R. W. Goranson has at last given us a direct measurement of 
the solubility of water in granitic magma. Goranson prepared 
a granitic glass by fusing granite from Stone Mountain, 
Georgia, and cooling it rapidly. Samples of this gl^ vfcre 
sealed up together with water in platinum capsules, which were 
strongly healed in bombs containing carbon dioxide (to serve as 
the pressure-medium). After two to four hours the temperature 
was lowered quickly, and the water content of the samples 
(again in the glassy sute) was determined by ignition in air. 
The solubility of water in the granitic glass at 900* C. was 

found to be as follows 

Pr«rrwr« 
(Metric otmes^kerei) 

Corr$sfondiHg 

Soiubility 

(weight per cent) 

500 1000 2000 3000 4000 

2 38 7-6 11-4 IS 

3-75 575 8-15 8-90 9^95 

When the pressure was fixed at 960 metric atmospheres 
and the temperature was varied, the following data were 

obtained 

Temperature 
Schikility 

eoo 750 800 900 1000 1300 
5 96 6 90 5 94 5-70 5-50 4 63 

At this pressure, the solubility of water in molten granite 
decreases at the rate of about 0-8 per cent for each rise of 

100* c. 
It is known from stratigraphic data that some bodies of 

granite crystallized at depths of 4,000 to 12,000 feet (say 1 to 4 
kilometres); and geolc^ical thermometer studies (see chapter 
IV) have shown that the temperature of deep magma prob- 
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Ably never exceeds ©70* C. or thereabouts. It follows from 
Goranson's experiments that natural granitic magma, at such 
depths and pressures, may hold between sht and nine per cent 
of water. This is a conclusion of the greatest importance to 
all students of rocks and ore-deposits. 

The solubility of water in basaltic magma has not yet been 
determined. T. C. Phemister has discussed the matter, baS' 
ing his argument on the study of the artificial system water— 
potassium-metasillcate—silica, which was examined expert* 
mentally by G. W. Morey and C. N. Fenner. Phemister 
concludes that the water-content of deep-seated basalt may be 
in the neighbourhood of five per cent. This has only the 
validity of a reasonable extrapolation, but in view of 
Goranson’s data and Sir Charles Parsons’ demonstration of 
(he solubility of water in molten olivine, (here is no reason to 
question Phemister’s estimate. 

Besides the gases that we have discussed, various solid 
substances condense and form incrustations about volcanic 
vents and fumaroles. These may be direct sublimates from 
the magma, or they may result from the decomposition of 
gases or vapours, or even from reaction between the volcanic 
gases and the country rocks. Several analyses of such 
deposits are given by A. Brun. 

Vttmwiui, tmpiim of 
ISM 

A1,CI, (with Fc,Mn) 9 80 
NH,F 613 
NH.CI 8603 
HCl 009 
SO. 016 
CaCI. trace 
SiP. trace 

10118 

Ckinytro, mttiom tVintiH. ffom fioitn 

of 1909 of toot 

NH.a 79-36 FeCl, (with Mn) 1-99 
FeCI. 1-86 MgCI, in 

NH.F 9-46 MgSO. 31-96 
CaF, 1-31 NaCI 31-60 
SiF, 367 KCl 37-39 
HCl 3-73 NHXl 1-60 
AI,0, trace H.O and free acid 1 41 

99-37 100-00 

The incrustations formed about the fumaroles in the 
Valley of Ten Thousand Smokes, in Alaska, since the eruption 
of June, 1913, were studied by J. W. Shipley and E. G. 
Zies. The gases that issue from these fumaroles, at tempera¬ 
tures up to 645* C., are often strongly acid; sulphur trioxide. 
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bydrocb)«ric acid aad hydrofluoric acid have all been detected 
in them. The most chaiacteristic deposit of the fumaroles, 
according to Shipley, is amorphous silica, which reacts f^r 
fluorine and is believed lo have been formed by decomposition 
of silicon tetrafluoride. Another common type of incrustation 
is a mixture of gypsum or anhydrite with salt and alum. 
Ammonium chloride is abundant; it constituted-98 per cent of 
the incrustation in one case. Potash alum is also common. 
Magnetite and red odire (hematite) are found at almost every 
vent. Some crystals of magnetite were examined spectro- 
scopically and chemically by E. G. Zies, and were found to 
contain the following metals in addition to iron 

Lead •006% Molybdenum 04 
Zroc -47 Manganese ■1 
Copper 28 Nidccl ^1 
Tin -004 Cobalt ■02 

Zias scales that lead, copper, tin, and zinc are common con- 
sdeoents of the hacrustations obtained from many of the 
humroles in the Valley. 

Further evidence regarding the composition of the fugitive 
constituents of the magma has been obtained by stadying Che 
sohitions and gases which are sometimes trapped within 
crystals <4 quartz, topaz, and other rock-forming minerals. 
Tl>e pioneer work of Humphrey Davy, Brewster, and other 
early workers in this field has lately been supplemented by 
quantitative data. H. Faber has determined the proportions of 
water and dissolved salts enclosed in crystals of pegmatitic 
feldspar and quartz with such results as these: 

In feldspar—^water 0*16% containing 18*2% of dissolved salts. 
In quartz —water containing 18 8% of dissolved salts. 

The dissolved salts were chiefly chlorides and sulphates of 
sodium and potassium, with some silica and a considerable 
excess of alkalis. 

W. H. Newbousc has studied the liquids enclosed in 
crystals of galena and zinc-blende in the Mississippi valley, 
and finds them to be concentrated solutions of sodium chloride 
and calcium chloride. 'Fhese observations bring to our notice 
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the presence of a class of fugitive substances in the magma 
which are not appreciably volatile at magmatic temperatures 
but are readily soluble in water. But for the accidental trap* 
ping of small quantities of these substances uithin growing 
ctystals, we might have remained in ignorance of the presence 
of simple salts of soda and potash in the magma, since their 
great solubility must cause them to be leached out of the rocks 
and carried away by circulating ground*water. One might 
expect to find traces of these simple salts retained in glas^ 
rodts. The matter has not been specially investigated, but 
J. B. Ferguson found in an obsidian from Iceland quantities 
of combined chlorine and sulphuric anhydride equivalent to 
038 per cent of sodium chloride and 014 per cent of sodium 
sulphate. A slightly soluble fluoride of sodium (the mineral 
villiaumite) was found by A. Lacroix in the foyaite of Los 
Islands (Islas de los Idolos), West Africa. It may be added 
that ZOnckel and Hempcl have shown experimentally that 
silicate melts can dissolve as much as 0 86 per cent, of sodium 
chloride. 

The possible importance of sodium carbonate in magmatic 
emanations is suggested by the presence <rf soda-springs and 
soda-lakes In some volcanic regions, notably East Africa. 
Lake Natron and Lake Magadi yield the mineral trona 
(Na,CO,.NaHCO,) in marketable quantities; and C. W. 
Hobley reported that after the eruption of Oldoinyo N’Gai in 
1917 “ the country for miles around was covered with a pall 
of grey volcanic ash and soda,” which extended as far as 
twenty-five or thirty miles from the volcano. 

^me magmas seem to hold soda in the form of sodium 
metasilicate, because analyses of soda-amphiboles and soda- 
pyroxenes often show an excess of soda and potash molecules 
over those of alumina and other sesquioxides. For example, 
an analysis of obsidian from Lake Naivasha, Kenya, by G. T. 
Prior shows 7-06 per cent of sodium metasilicate in the norm. 
The mineral pectoHte, which is found in some highly alkaline 
rocks, is a double metasilicate of sodium and calciom with the 
formula HNaCa,(SiO,),. It seems, then, that the simple meta¬ 
silicate Na,SiO„ which is readily soluble in water, may be 
present in the magma under certain conditions. 
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Sodium borate (borax) and boric acid (HBO,, passing over 
into HtBOi) are other water>soIublc compounds found in vol¬ 
canic emanations, especially in Tuscany and California. . 

Additional evidence relating to the fugitive constituents of 
the magma is to be found in the contact zones surrounding 
large bodies of eruptive rock. Studies of contaa meta- 
morphism often demonstrate a wholesale transference of silica, 
nikalies and iron, as well as chlorine, fluorine and sulphur, 
from the magma to the country rock. Limestone contacts are 
more instructive than those which involve siliceous or alumin¬ 
ous sediments, because chemical reactions take place between 
the escaping substances and the limestone, by which the 
former are retained in the zone of contact alteration. 

In the metamorphic limestone blocks of Monte Sorama, 
Italy, the following minerals ctMitaining chlorine, fluorine, 
sulphur or phosphorus are found 

• Anhydrite (S) Galena (S) Hyrrhotite (S) 
Apatite fP,F,Cl) Hauyne S^polite (Cl) 
Chondrodite (F) Humiie (F) Sodalite (Cl) 
Clinohumite (F) Lazurite (S) Vesuvianite (F) 
Cuspidine (F) Microsommite (CI,S) Zinc Blende (S) 
Fluorspar (F) Molybdenite (S) 

Other well-known minerals produced in contact meta- 
morphism, which contain elements foreign to ordinary sedi¬ 
mentary rocks, are:— 

Tourmaline (B,F) Koppite (F) 
Axinite (B) Scheelite (W) 
Sphene (Ti) Datolite (B) 
Perovskite (Ti) Topaz (1^ 

It may seem that undue stress is laid upon minerals that 
are, after all, of comparatively rare occurrence even in contact 
zones. But the significance of these minerals does not depend 
on their abundance, but on the unusual elements which they 
oonufn and which can only be traced to emanations from erup¬ 
tive magma. As regards actual abundance, other minerals, 
such as garnets and pyroxenes, usually predominate greatly, 
in contact zones, over any of the minerals named above; but 
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then the proof that they owe any of their components to 
emanations from eruptive magma is not so obvious as it is in 
the above cases. Nevertheless, the transference of silica, iron 
and alkalies from magma to its country rock can often be 
demonstrated on an enormous scale, and to a considerable dis> 
tance. A noteworthy case was studied by W. Lindgren (1) at 
Clifton, Arizona, where a very pure limestone has been altered 
into a garnet'pyroxene rock through a contact zone two 
thousand feet wide. The transformation involves large addU 
tions of silica and Iron to the limestone. It is interesting to 
note that the quartz crystals, in the granite which was the 
cause of the metamorphism, are full of microscopic enclosures 
of a strong solution of common salt containing an iron conv 
pound. Another eruptive rock in the same neighbourhood, 
which has no such enclosures, has effected very little meta> 
morphism of the limestone. One is forced to believe that the 
cause of the metamorphism was the escape from the magma of 
aqueous solutions containing silica and iron. 

In n similar case at Bingham, Utah, I.indgren (2) has 
shown that the limestone has gained silica, sulphur, iron, mag* 
ncsium, aluminium, and sodium, the additions amounting 
locally to twenty-nine per cent of the volume of the limestone. 

Striking evidence of the same kind was brought by J. F. 
Kemp from TamauHpas, Mexico. In this mining distria, 
highly acid quartz porphyries with a low content of iron cut 
very pure limestone. In the neighbourhood of the intrusions 
the limestone develops large quantities of aluminium-iron 
garnet. Kemp is driven to the conclusion that 
** from tho intrusive rock hu come either highly heated water.f(as. or 
hl^ly heated water itself in the ciotlng stages, snd that ona or both 
of theae have brought to the limestone the silica, Iron oxide, and alumifta 
for production of the siUcatea. After the production of the garnet and 
its asaociates was well under way, they brought in also the copper and 
iron sulphides which are the oommonett orea." 

In the Halibunon-Bancroft area of Canada, the contact 
alteration of limestone by granite is seen on an enormous 
scale. Great Intrusions of gneissose granite invade the Gren¬ 
ville limestone scries, and arc surrounded by contact zones 
from a quarter to half a mile wide, in which the limesuxe has 
largely been altered into amphibolite (hornblende-rock). In 

5 
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an area of some 8,400 square miles, about one-fourth is under¬ 
laid by limestone and ampfaibolite, and the remainder by 
g;neiss and amphibolite, the amphibolite making up about 
twenty per cent <rf the whole. The changes that have taken 
place in the contact zone are thus described by F. D. Adams 
and A. E. Barlow 

When the {ranite-gaeiet invades bodies of tb« limestone, ihc 
produced and the phenomena rceulUna from the intrusion are 

varied. The products tji alteration mjjr be divided into two classes 
(1) Alteration of the lunestorw into masses of granular pyroxene ro^. 
Msuallr oooulntng ecapoliie, or into bodiee of I ena-graKed aggregate 
“L? . a dwit-bro^ mica. The intense alteration of^ Ihne- 

mce. Tta alterations of the first daw may be considered as due to 
wstars or vepours tfven off by the coding magma, that is. 

u be of piminatoly^ ongm; while the alteration products of the second 
da« probablj mult from the more immediate action of the molten 
magma itself.” 

fum into the limestone sihcai, alumina, oxides of Iron, and magnesia 
with some al^lm and a small amount of titanic acid. As the sUmtlon 

^tinue to Incresae in amount. But 
la later Mges of the altcratloe the alumina, oxi<^ of iron and 

‘r P*'®?"***" *»«n the other coo. 
wtuents, while iw further acuiom of magnesia ^ lime takes place, 
tiseoroport^ of tbaae constituents remaining essentially the samT the 
rorheoic sad escaping and (trying the rest of the lime with it. This 

that pyroxeiw and tome acapoHte were first 
^ ^«**P«tWc constituenu In- 

creased in amount, the calate present bciiig removed In solution.*’ 

W. G. Foy«, studying the same area, sliowed by analysis 
of the amphibolite and the unaltered limestone that the material 
gained by the limestone from the granite magma had the 
following composition;— 

SiO, . 
A1.0. . 

... 60-4% 

... 228 
Pe,0„Fe0 . ... SB 
MgO . ... 1-7 
Na,0 . ... 6-0 
K,0 . ... 13 

10(H) 

When the rocks in a contact zone are shale and sandstone, 
the evidence of the addition of silica and alkalis is less con¬ 
spicuous but equally real. V. M. Goldschmidt, in his great 
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work on contaa metaroorphism in Norway, described the oon- 
versw^n of a shale containing less than one^nd-a-half per cent 
of soda into a bornstonc with five^nd-a-half per cent of soda 
m the contact rone of a small syenite stock of Aarvoldaas. 
More recently it has been shown that the shales around the 
Dartmoor granite in England have been enriched with both 
^a and potash. The normal shale Is dominantly potassic, 
but bodies of shale which are enclosed in the granite are domi- 
nantly sodic. (A. Brammull and H. F. Harwood.) This 
matter is further discussed in chapter V. 

F. F. Grout has studied the contact meumorphism of the 
slates of Minnesota by the Duluth gabbro. From the follow¬ 
ing table, which shows the composition of the average shale 
and of bodies of slate which were enveloped in the gabbroic 
magma, it is evident that not only soda but lime, magnesia 
and tttania were added to the slate during mciamorphism 

EmtiaiHTtt »! 

SK), 
Avtraft Sk^t. 

58 
in tabkrn. 

50 
AI.O. 19 80 
Fe,0, 8 8 
FeO 7 64 
MgO 3 5-1 
CaO 1 8-8 
Na,0 15 24 
K.O 3-3 1-3 
TK). 8 •8 

Grout holds that emanations from the magma 
through the sediments, adding some elements and carrying 
others away into the zone of groundwater circulation.'* 

Remarkable evidence of the fbldspathization of quartzite 
by magmatic emanations has been furnished by several obser¬ 
vers. W. B. Wright, in his report on the geology of the 
island of Colonsay, described and photographed boulders of 
quartzite enclosed in (he marginal hornblendic phase of a small 
syenite intrusion. The boulders, which are seen in all stages 
of corrosion, are surrounded by mantles of alkali-feldspar; io 
extreme cases the whole block of quartz has been replaced by 
feldspar without losing its original angular shape. l*his 
occurrence lias been studied afresh by D. L. Reynolds, who 
has shown with the aid of chemical analysts that (here has 
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undoubtedly been a diffusion of alumina, potash and soda from 
the mafina into the quartzite. Lime and iron oxides were 
found to be less diffusible and magnesia least of all. • 

The feldspathization of quartzite enclosures in the Bush- 
veld Complex of the Transva^ was described by R. A. Daly. 
In this instance alumina and potash were the oxides mainly 
introduced into the quartzite. 

W. H. Collins presented striking field evidence of the 
feldspathization of large enclosures of quartzite, from one to 
six feet in diameter, by a diabasic magma at Blind River, 
Lake Huron. Some of the blodcs have been converted entirely 
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into « “light-colored, coarse-grained diabase'* which either 
merges insensibly into Che normal diabase or may be separated 
from it by a zone of hornblende. Other blocks retain cores of 
quartzite in every stage of transformation. Chemical data are 
lacking, but the felspar of the enclosures is oligoclase or 
andesine and that of the normal diabase is labradorite, so it is 
clear that there must have been a supply of soda, at least, to 
the reaction zone. 

W. A. Jones has studied bodies of plagioclase rock, with 
mantles of hornblende and cores of quartz, which are found in 
the gibbro of Sudbury, Ontario. These are clearly similar 
in nature and origin to the rocks described by Collins. 
(Fig. 3.) 

A. Holmes has described xenoliths of transfused quartz in 
lavas of Uganda. The product of transfusion is a glass which 
is shown to have the composition of a silica-rich potassic 
obsidian. The constituents introduced were mainly alumina, 
potash and water, with small quantities or silica and other 
oxides. 

The Isiportancr of the Fugitive Constituents 

In reviewing the facts set out in these pages, we realize 
that the visible constituents of a rock represent only a pert'— 
the non-volatile and insoluble part—of the original complex 
mixture of substances that constitutes a magma: no doubt the 
larger part, and possibly ninety-nine per cent of the whole, but 
still only a part. The special importance of the remaining 
part, consisting of what wc have called the fugitive con¬ 
stituents of (he magma, lies in the influence that these con¬ 
stituents have upon the behaviour of the magma a whole. 
This influence is seen especially in a lowering of the viscosity 
of the magma and a depression of the range of temperature 
within which crystallization begins and ends. The former 
eflect depends upon the low melting-points of many of the 
fugitive constituents; the latter effect is the consequence especi¬ 
ally of their small molecular weight. 

An anhydrous silicate melt, especially if it contains feld¬ 
spar, is extremely viscous. The presence of gases or easily 
fusible substances in the melt greatly reduces its vbcoeity. 
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This Is an observation that has been made repeatedly, not only 
in the laboratory, but also in connection with the flowing lavas 
of active volcanoes. If the lava, after cooling and losing its 
gases, is reheated to the temperature that prevailed in the 
crater or lava>sheet, it does not regain its former degree of 
fluidity. For example, A. L. Day observed that the lava in 
the crater of Kilauea is still capable of slight movement at 
temperatures of about 600* C. 

A particularly neat demonstration of this fact has emerged 
from the studies of R. B. Sosman and H. E. Merwin on the 
intrusion temperature of the Palisade diabase in New Jersey. 
This rock has been intruded in the form of a sill through a 
series of shales and feldspathic sandstones, and it contains 
numerous enclosures of sandstone which show no signs of 
fusion. Yet experiment shows that the sand-stone melts at 
about 1150* C., while the diabase is not readily fluid until the 
temperature rises above 1300* C. Clearly the diabase must 
have been fluid at the time of intrusion, yet its temperature was 
well below 1150* C. 

The second function performed by the fugitive con- 
stituents is that of lowering the freeiing range of the magma. 
It is well known that the effect of dissolving a salt in water is 
to lower the freealng point of the solution, the degree of lower- 
ing being proportional to the quantity of salt added. This is 
sometimes known as Blagden's Law, but it is better suted in 
the more generalized form given to it by Raoult 
.. « r •“hfUfK*. loM, liquid or nteous, wh«n diatolved in • 
otnnita liqtdd compound caiwbi* of aolktlfvmff. lowerv ita fraeslng point.’* dcHnita liatad compound capobit of aolkilM 
(Rftoult-BUj(dan Law.) 

To this may be added the further extension known as 
Raoult’s Law 

•• In a cona^t wel|iht of a given aelvent, «]| (he phyaJeaJ mole. 
’Whatever tbeir nature, product the aiine lowering of the freezing 

What is true of other liquids in this respect is true of a 
silicate magma. The presence in it of the volatile substances 
which we have described has the effect of depressing the freez- 
tng point of the magma below that of a pure silicate melt. 
The amount <rf depression depends entirely on the mass of the 
substances in question: a quantity which, as we have seen, we 
possess no means of estimating. But since water, hydrochloric 
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and hydrofluoric acids, and other fugitive constituents of the 
magma are compounds of low molecular weight, and since the 
effect depends only on the number of molecules present, it is 
dear that the depression of the freering point may be much 
larger than the absolute quantity of these substances in the 
magma would lead us to expect. 

G. W. Morey (1) has heated silicate glasses along with 
water in gas>tight bombs, and has obtained mobile liquids at 
temperatures considerably below the melting point of the dry 
glass. Many other illustrations of this effect will be given in 
a later chapter. 

We have already discussed the fact that, on the whole, 
deep-seated rocks seem to have completed their crystallisation 
at lower temperatures than lavas. It is not unreasonable to 
connect this with the greater concentration of fugitive sub¬ 
stances in deep-seated magma. 

A third function which the fugitive oon«ituents perform 
is that of determining which of several possible minerals shall 
actually crysullize from the magma at a given stage. About 
holf of the rock-forming minerals have the power of crystallis¬ 
ing from dry mdts in the absence of any flux. The other half, 
either because they build very complex molecules or because 
the elements of water or another fugitive substance enter into 
their constitution, can only be induced to crystaliixe in the 
presence of water or a suitable flux. These two groups are 
commonly described as pyrogenetic and hydatogenttic (fire- 
formed, water-formed) respectively. The latter term must not 
be interpreted too literally, but only as meaning that the 
minerals to which It is applied crystallize more readily in the 
presence of water. The chief members of the two groups are 
named below. 

Pyrtftmttit. 

AiMrthite; all lime-rich feldspar 
All pyroxenes except sgirine 
Olivine 
Nephetine 
Leucite 
MelUite 
Tridymite 
Magnetite 
Ilmenite 
Pyrilc 

Quartz 
Orthoclase, Microdine 
Albite, all aoda-rich feldsper 
All amphiboles 
All micas 
Most garnets 
Tourmaline 
iCgirine 
Sodalite, caocrinite 
AnakSme 
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Whether p^rofenetic or hydatogenetic minerals are 
formed by the crystallization of a particular magma must 
depend to some extent on the concentration of the fugitive 
constituents in that magma. If freezing takes place under 
such conditions that these bodies are not permitted to escape, 
and therefore attain a high concentration in the residual 
magma, then the last minerals to be formed will be hydato* 
genetic, that is, a stage of pyrogenetic mineraliraiion will be 
followed by one of hydatogenetic mineralization. But if freez¬ 
ing takes place with rapid loss of fugitive constituents, as it 
does in lava, then crystallization will be mainly of the pyro* 
genetic type, ending sometimes with the formation of an un- 
crystalHzable glassy residue. 

Water and Volcanic Action 

G. W. Morey (3) has discussed the effect of the rise of 
vapour pressure that accompanies the crystallization of a melt 
containing volatile and non-volatile components. He shows 
the reality of the phenomenon by giving experimental data 
relating to the systems water—potassium-nitrate and water— 
potassiunwnetasilicate-^Iica. For instance, if potassium 
metasHicate at its melting-point is saturated with water at a 
pressure of one atmosphere, it takes up about one per cent of 
water, which is enough to lower its melting-point by 33* C. 
If the saturated liquid is cooled quickly it becomes super- 
Kturated; the molten aqueous glass remains liquid until 
cooled several degrees below its melting-point. Then bubbles 
begin to form within the melt, which quickly swells into a 
pumioeous mass, increasing many times in vdume and over¬ 
flowing the crucible that contained It. Morey considers that 
these observations afford a complete analogy to the paroxysmal 
discharge of gases from volcanic vents. 

R. W. Goranson (3) has since studied the systems albtte- 
wster and orthoclaso-water, and shows that tremendous 
pressures may be produced by the crystallization of these 
systems. The system albite-water, at 1100* C. and 606 bars 
(equal to a depth of kilometres) holds 4-2 per cent of water. 
On cooling the system, albite begins to crystallize at 960* C., 
§pd when the temperature has falleq to 819* C. mo^e piap 
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of the albite has crxstat]i2ed, leaving a liquid that contains 9-6 
per cent of water. The pressure is now 8,000 bars, and oon- 
ti,nued crystallization must raise it to live or six thousand bars. 
" There is here;*’ Goransoo writes, “ a mechanism tot develop* 
ing all the pressure a volcanolc^lst may desire.*' 
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CHAPTER IV 

TEMPERATURE AND PRESSURE IN THE MAGMA 

Ws have discussed the composition of eruptive rocks, both 
qualitatively and quantitatively; we have described the fugitive 
constituents of the magma, chiefly in a qualitative way; from 
the data so gathered we must form the b(« idea we can of the 
composition of a body of magma before freezing sets in. The 
magma, at this Stage, is a solution of silicates of eight or more 
ooenmon metals, together with smaller quantities of other com> 
pounds such as titanates, phosphates, and sulphides, and with 
an unkrvown content of certain volatile and water-soluble com¬ 
pounds, including water itself and either free or combined 
carbonic acid. 

After the composition of the magma, we are concerned to 
know its temperature, and the pressure under which it is 
confined within the eaith^nist. 

The temperature of the magma, when it finds its way to 
the surface and issues as Isva, can be measured dire^y, 
although the process is attended by some difliculty and dan¬ 
ger. Direct methods ere not available for deep magma, so 
we fall back upon indirect methods depending upon certain 
mineral transformations. Before we can apply these satisfac¬ 
torily, it is necessary to know the pressure under which the 
magma crystallized. Now the pressure that prevails in a 
magma-reservoir has three distinct components. The chief of 
these, unless the magma has climbed very nearly to the sur¬ 
face, is the weight of the overlying layer of rock. This may 
be estimated at about 400 atmospheres per mile below the sur¬ 
face. It is open to question whether any body of rock, now 
visible at the surface of the earth, crystallized at a greater 
depth than—sty—three miles. Clearly, the greater the depth 
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of consolidation, the more erosion must have uken place before 
the rock was laid bare, consequently the more incomplete the 
stratigraphical evidence by which alone the depth of consolU 
(Nation can be judged. For this reason J. C. Ward was unable 
to decide between quantities so different as 13,000 feet and 
30,000 feet, for the depth of consolidation of the granites of the 
Lake District of England. The roof of the Finmarken granite 
laccoHie, In Norway, was about 1,600 metres thick, according 
to W. C. Brdgger, who also says it is "absolutely certain" 
that the laccolithic granite of Drammen crystallleed within 3000 
feet from the surface. J. Barrell showed that the Marysville 
batholith of MonWna lay originally within 4,000 feet from the 
surface; and Leith and Harder gave the same figure for the 
Iron Springs laccolite (n Uuh. D. L. Scholu finds that the 
gabbro of East Griqualand, South Africa, crystallized beneath 
a load of 10,000 feet of sediments. It is likely, therefore, that 
in the case of all intrusions ei^pt perhaps the largest and most 
ancient betholiths, the pressure due to the weight of the roof 
did not exceed 1300 atmospheres in the upper part of the reser* 
voir at the time freezing took place, and that it was generally 
a good deal less than that. 

It must be said, however, that F. F. Grout has lately 
brought forward evidence that parts of the Saganaga granite 
batholith in Minnesota, now exposed at the surface of the 
earth, were at one time as much as twenty*five mites below the 
surface. The evidence is deduced from the stru9tural features 
of the batholith and may perhaps be open to a different inter¬ 
pretation. P. Eskola (1) has contended that the greatest depth 
at which rocks of Archean age, now exposed at the surface, 
can formerly have Iain is about 30 kilometres (13} mites); for 
most rocks he believes the depths to have been much less. 

The second component of the total pressure is the vapour- 
pressure of the dissolved gases (water vapour, carbon dioxide, 
etc.). So little is known of the concentration of gases in 
natural magmas that it is impossible to form a satisfactory 
measure of this component. If the concentration Is low 
enough, the vapour pressure may be negligible in comparison 
with the pressure of the overlying rock; but when the magma 
begins to crystallize, the whole of the gases become concen- 
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u-«»d in the diminishing residue of liquid, and the vapour 
pressure must rise steadily, unless the gas is able to escape by 
way of openings in the roof and walls of the reservoir. 

The third component of the total pressure only comes into 
operation if the viscosity of the magma is so high as to pre¬ 
vent it from accommodating itself at once, by change of sha^, 
to lateral pressure such as that which accompanies mountain, 
building movements. Since all available evidence indicates a 
high d^ree of fluidity in the magma, this factor will not be 
effective until the magma has nearly completed Hs crystallixa- 

tion. 
If the pressure prevailing within a magma reservoir is 

difficult to estimate, the temperature is still more uncertain. 
Sorby's method, already referred to, was based on measure¬ 
ment of contraction undergone by the fluid enclosures in quartz 
crystals; it yielded values ranging from 800* lo 860* C. This, 
as well as Lehmann’s estimate of 600* C., refers to highly 
siliceous rocks such as granites and trachytes. The method of 
F. E. Wright and E. S. Larsen, which depends on the use of 
quartz as a "geological iherinometar,’’ poiota to die ma)ority 
of the quartz-bearing rocks having crystallizod between 678’ 
and 870* C. The principle of the method may be explained 

briefly. 
The mineral which we know as quartz varies slightly in 

crysuUine form according to whether it was formed at a tem¬ 
perature above or below 873* C. The kind of quartz formed 
below 678* C. is known as a-quarU, and the high temperature 

variety as jfl-quartz. 
•• If at anr time in itt hletory a particular piefe of quartz hu peae^ 

the inverakm ^frt and baen hMted abow 675*. k bear* ever afterwer^ 
martu potantlaUy preaeat which on 
appMr. juit ai an e3^■o*cd photographic plata can be dl»iin«l»hed at 
oJwe fram an unexpoaed plate on bnmertkm in a proper developer 
ahhou^ before devdopment both pUte* mey be idenllcet in eppoarance.** 
(Wright and Lara*n.) 

The critical points in the discrimination of the « and B 
forms are as follows:— 

For the a form (low quartz): (1) presence of faces of the 
trigonal trapezohedron; (3) unequal development of the 
rhombohedral faces; (8) twinning liaes regular and 
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sharply markrMl; (4) intergrowths of right> and left- 
handed forms frequent and regular; (5) habH of 
crystals is prismatic; (6) abserree of cradts. 

For the )9 form (originally high-qturtz, now transformed to 
low-quarts): (1) abMnce of faces of trigonal trapezo- 
hedron; (2) equally developed pyramid faces; (8) twin¬ 
ning lines very irregular; (4) intergrowlhs of right- 
and left-handed forms very irregular; (8) habit is 
pyramidal; (6) crystals arc much cracked. 

The granites and granite-porphyries which were tested by 
Wright and Larsen showed as a rule the presence of ^uaru; 
the only specimens of a-quartz were derived from pegmatite 

veins. 
A. E. Fersmann has shown that in the microcline-quaru 

pegmatites of Mursinka, Ural Mts., the stems of the quartz 
crystals are (or were) j3-quartz, but the heads of the crystals, 
wliere they project into cavities, were a-quartz from the 

beginning. 
E. S. Bastin used tlie method of Wriglu and Larsen to 

determine the crystallization temperatures of the gem-bearing 
pegmatites of Maine; he reached the following conclusions 

Although many of the fioer-graliwd pegmatite maaeca and 
most of (he mphic intergrowths of (he coamn- pegmotitea crystalliaed 
at temperaturei abo»e »75*, (ha coarser and more siliceous poraona- 
the portions characleriscd by (he cavities, and hence presumably richer In 
eoswus or fluid constituenta—crystallised at teatperatures below S76 . 
The portions charocterisod by high and low tempecsture quarts m tom- 
monly so intimately associated In the aame pegmatite maaa ttot it seems 
unrsosonabie to assume great differences in the tompereturo of crystallise 
tion of different portioos. It is probable, therefore, that the wMe 
of many of the coarser pegmatites crystallised not far from the Inversion 
point of quarts; that is, no* far from 476* C.” 

R, E. Gibson has studied the effect of pressure on this 
Inversion point. At a pressure equal lo a depth of 10 ton. the 
inversion temperature was raised to 644*. 

V. B. Meen has found both high-quartz and low-quartz 

in auriferous quartz veins in Canada. 
E. F. Holden has shown that rose-quartz, a variety which 

occurs in some pegmatites and which owes its colour to man¬ 
ganese, is decolorized by heating to about 473* C., and that 
quarU formed above that temperature is colourless, even when 
it holds enough manganese to have given it a nose colour. 
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Quartz transforms at 87u* C. into tridymite. Observation 
shows that while tridymite is a fairly common' constituent of 
acid lavas, it never appears in plutonic rocks. It is found, too, 
that quartzose rock fragments which have been picked up by 
flowing lava often have their quartz changed to tridymite. 
Similar enclosures are very common in plutonic rocks, but in 
these the transformation is not observed. Thus it seems 
that we are confined to 870* C. as the upper limit of the tem¬ 
perature experienced, during the period of crystallization, by 
the more siliceous deep-seated magmas. But since there is a 
considerable difference In density between quartz and tridy- 
mite, the transition point ought to be raised by pressure. C. N. 
Tenner has discussed this point, but finds it impossible to form 
any reliable measure of the effect. V. M. Goldschmidt sug¬ 
gests that an increase of pressure by 400 atmospheres may 
raise the transition point by 100* C. or more, but Wright and 
Larsen think it probable that " pressure has but a slight effect 
in raising or lowering such an inversion point, and that when¬ 
ever quartz appears in nature it was formed at a temperature 
below 870*." (800* in the original paper, but afterwards cor¬ 
rected to 670*.) 

Larsen has since suggested that the inversion temperature 
may be varied about 100* C. by a pressure of 1,000 atmos¬ 
pheres, but this is no more than guesswork. 

A further application of the "geological thermometer" 
principle is possible when limestone occurs in contact with an 
eruptive rock or among the fragments enclosed in the latter. 
Under moderate pressure the reaction 

CaCO,+StO,^=^CaSiOi(wollastonite) + CO, 
moves towards the right above 500*. The effect of higher 
pressures upon the temperature of reaction is shown in Fig. 8, 
after V. M. Goldschmidt. It will be seen that if the pressure 
under which a given rock crysullized can be estimated from 
^tigraphic dau, then the presence or absence of wollastonite 
in the contact zone will enable one to set either a lower or an 
upper limit to the temperature of the magma at the place of 
contact. P. Eskola (2) points out that the association of quarU 
with calcite at such a contaa proves conclusively that the trans¬ 
formation temperature was not reached, but the appearance of 
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wollastonite does not prove the contrAry, for it may be formed 
At temperatures below the Uansformation curve If silica meets 
lime in other form than the carbonate, and no free carbon 
dioxide is present. Eskola finds that wollastonite is rare in the 
contact-altered Archaean limestones of Finland, but quartz is 
often present. It should be noticed that the temperature in¬ 
dicated in this way is not the freezing temperature of the 
magma, or that of any of its constituents, but is the maximum 
temperature which prevailed at any time during which the 
magma and the limestone were in contact. 

FlO. S. rbt alabUity^irv* «f caMua oartoBUg And nlllcA. tV M 
CoMadunldi.) 

R. B. Sosman has described a peridotite dyke which cuts 
a coal seam in Pennsylvania and contains fragments of coal. 

the behaviour of these fragments when heated, compared 
with that of coal from the same seam where it has not been 
affected by the intrusion, it is possible to deduce that the 
mum temperature of the peridotite '* magma ” can hardly have 
exceeded 600* C. It is clear that the injected fluid was not 
melted olivine, and Sosman thinks it may have been “a mass 
of cryst^s lubricated by very thin films of a liquid which is 
not a silicate melt but is simply water, or a water-solution at a 
temperature far below the melting temperature of any rock.” 
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C. W. Wright studied the production of garners in the 
contact tones between granitic rocks and limestone. These 
garnets are often birefringent, and Wright reports that ex¬ 
periments made with this garnet by Dr. Merwin show that it 
loses ks birefringence after it has been heated for a few hours 
•t 800* C., and does not regain it after several hours heating at 
600*. This fact indicates that most of the metamorphism look 
place at temperatures lower than 800* C.” 

A further point on the geological thermometer scale is 
fixed by the irreversible transformation of woilastoniie to 
pseudo-wollastonite, which takes place, according to the 
Geophysical Laboratory, at 1160* C. and is praaically un¬ 
affected by pressure. Pseudo*wollastonite is unknown in 
nature, although it is commonly formed in furnace slags. Only 
woilastonite is formed by the contact metamorphism of time- 
stooes, from which we may conclude with a close approach to 
certainty, that the various magmas which have effected this 
kind of metamorphism in limestones were intruded at tempera¬ 
tures lower than 1150* C. 

A similar conclusion is indicated by the study of the trans¬ 
formation nepheline-carnegieite, which takes place at 1248* C. 
N. L. Bowen writes that *‘in the event of the discovery of a 
natural carnegieiie, its crystallisation above 1200* could be 
asserted with but little fear of error." But carnegieite has not 
been identified in nature, and Bowen concludes that most 
natural nepheline crystallized as such. 

The dissociation of orthociase into leucite takes place at 
1170* C. (Morey and Bowen). This is a useful maximum for 
oithocUae-bearing rodcs; and the diaoovery that natural leucite 
Inverts and becomes birefringent at 60S* C. affords a minimum 
fuf rocks containing birefringent leucite. Bowen and Schairer 
(ff) have also shown that acraite (egirine) melts incongruently 
at 920* C. This temperature must be lowered by the presence 
of feldspars, nepheline, and other minerals that are commonly 
aeociated with acmite in rocks. Later work by the same scien- 
dats (8) demonstrates that the rhombic pyroxenes crystallize 
between 1140* (pure MgSiOi) and 955* C. (pure FeSiO«). 
Since the rhombic pyroxenes are minerals of early crystalliza¬ 
tion, this observation sets an upper limit to the freezing range 
of a la^ class of rocks. 
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An upper limit to the range of magmatic temperatures is 
also indicated by observations made on the diabaM (dolerite) 
sill of the Palisades of the Hudson, New Jersey, which is 
intrusive in a series of feldspaihic sandstones and shales and 
holds many fragments of these. The melting temperature of 
these rocks was determined by R. B. Sosman and H. E. 
Merwin, who found that both the sandstone and the shale were 
more than half-melted after healing for seventy-hve minutes at 
1150* C. Yet fragments of these rocks which were completely 
enveloped by the magma retain their original structures and 
show no sign of having been fused, thus proving that the 
intrusion temperature of the diabasic magma was below 
1160* C. 

A. L. Day and E. T. Allen have ascertained that the 
biotite in the lava of Lassen Peak, California, begins to decom¬ 
pose at 840* C., and melts at 1060* C., under atmospheric 
pressure. The crystallisation of the biotite must therefore 
have taken place at a temperature lower than 840* C., unless 
this transformation point is greatty affected by pressure. 

A new and very valuable fixed point has been added to 
the geological thermometer by the work of three Japanese 
peirolt^ists, S. Kozu, B. Yoshiki, and K. Kani, who have 
shown that common green hornblende transforms at 760* C. 
into a dark brown variety which is identical in its optica] pro¬ 
perties with the so-called *'basaltic-hornblende,*’ well-known 
in many basic lavas. This temperature Is therefore the maxi¬ 
mum at which Che crystallization of green hornblende can have 
taken place in such rocks as rhyolite, trachyte, andesite. The 
further discovery that brown hornblende dissociates at about 
1050* C. establishes a maximum temperature for all horn- 
blendic rocks. 

Very high estimates have sometimes been made of the 
temperature of flowing lava. J. Friedtander, for example, 
heated pieces of lava in the laboratory until they showed the 
same degree of luminosity as the active lava previously olv 
served in the craters of Ktlauea and Savaii, and concluded that 
the temperature of the latter must have been above 1600* C. The 
method is clearly a very gross one, but besides that, Day and 
Shepherd showed that combustion of gas is raking place all 

« 
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(he lime at the surface of the lava lake in Kilauea, so that the 
surface layer musi be expected to show a considerably higher 
temperature than the lava underneath. T. A. Jailer since 
made actual measurements of the temperature of the lava at 
Kilauea, both at the surface and beneath it. He found that 
in lava founuins and domes where active combustion of gas 
was going on, the temperature rose as high as 18WC.; but 
three feet below the surface of the lava the temperature was 
only 180* to 860* C. Jaggar’s procedure was to put Seger 
cones of known melting point into steel pipes, and thrust these 
ddwn into the active Uva. His measurements, although still 
rathef rough, are far more reliable than any of the earlier 

estimates. 
G. W. Tyrrell has tried to estimate the intrusion-tempera¬ 

ture of a basalt dyke on the island of Arran, Scotland,- by the 
effect it has had on enclosed fragments of pitchstone. The 
latter rock contains wdl-formcd crystals of quart*, orihoclase 
and andesine, in a glassy base. The orthodaM crysUls have 
been partly melted; the andesines are only slightly affected; 
the quart* crystals are cracked but not melted. Pure ortho- 
clase dissociates at about H70* C.; andesine (Ab,An) melts 
about ISTC’-C., so Tyrrell concludes that the temperature of 
the-basalt was between these limits. The argument is scarcely 
conclusive, since the product of melting was not analysed—it 
might, for examine, be a quartz-orthoclase eutectic, with a 
melting point considerably lower than that of pure orthoclase— 
«o n<v great value is to be attached to these figures; yet the 
obeervadons certainly indicate that the temperature of the 
basalt was higher than that of any known plutonic magma. 

H. A. Brouwer has observed the melting of quartzite en¬ 
closures in the andesitic lavas of Merapi, SumaUa, and the 
conversion of quart* into tridymite. The melting point of the 
quartzite is not known, and it cannot be assumed to be the 
same as that of pure quartz, so the observations only prove 
that the temperature of the leva exceeded 870* C. A. Sigmuod 
Kas recorded the melting of quartz grains in a magma-basalt 
at Purstenfeld, Austria. Each grain is surrounded by a 
mantle of yellowbh glass, but clearly this is explained more 
readily by solution than by melting of tho quaru, and it is not 
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elear that the temperature was above the tridymite transforma* 
tion«point. On the other hand, H. H. Thomas describes 
dykes in Mull, ScotlarMj, which have attacked the quarts grains 
of invaded sandscones, and have given rise to tridymite fringes 
round the undissolved portions of the grains. With cooling, 
the tridymite reverted to quartz, but the shape of the tridymite 
crystals was retained, proving that the transformation point 
was passed. 

An observation which seems to demonstrate an unusually 
high temperature in lava was made by A. Amstutz. An olivino- 
basait at Dorgalt, in Sardinia, encloses fragments of biothe- 
granite, which have been recrysiallized with formation of 
leucite. If the leucite was formed at the expense of biotite, the 
temperature need not have been higher than about 1000* C.; 
but if it was formed from oriltoclase, as is likely, then the tem¬ 
perature must have been in the neighbourhood of 1170* C. 

V. M. Goldschmidt (2) has described enclosures of granite 
in lavas of Spitsbergen, in which the biotite has been melted, 
producing a pale brown glass full of needles of ortho-pyroxene. 
These lavas were accordingly hotter than the transformation 
point of biotite (640* C. or more), but rvot so hot a.<i the disso- 
ciation point of orthoclase (1170* C.). A somewhat similar case 
was recorded by A. Knopf in Owens Valley, California. 
Granodiorite was invaded by basalt which was hot enough to 
dissociate biotite but not to dissociate orthoclase. 

P. Ramdohr (1) has described enclosures of zinc-blende in 
basalt and has ^town that the transformation temperature of 
zinc-blende into wurtzite, lying between 880* and 1020* C-, 
was exceeded by the basalt. In another paper, Ramdohr (2) 
describes drop-shaped particles of metallic iron which are en¬ 
closed in basalt from Greenland; it is concluded that this basalt 
must have attained the temperature of 1145* C. at least. 

Summarizing the matters discussed in this diaptsr, we 
may say that lllera is an antirs lack of avidenca that any body 
of dcap magnta avar had a tampcfature highar than 1170 C., 
Of that it evan approaehad that Umperatura; in vary many 
cases the Umperatura daas not scam to haee axeaadad 870* C- 
(n the case of surface magma (lava) the top layer may be healed 
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Up, by gas reactions and oxidation, to 1300* C. or more, but 
there is no reason to think that the body temperature of lava 
ever reached such a figure. It may be granted, however, that 
surface magma, and small bodies of magma in dykes near the 
surface, may show appreciably higher temperatures than deep 
magma. 

The Geological Thebmombtkx 

Calcitc melts (under pressure of 1000 atmospheres of 

CO,). 

. Transformation of nepheline-hcarnegieite. 

InoongTuent melting of orthoelase. 
Transformation of wollastooite-^pseu<k>..woUaBtooiie. 
Transformation of cnstatite.>hduM>enstatite. 

DUioclatioD of brown hornblende. 

PbsQclation of aemite. 

Quartz-htridymite inversion. 
Dissociation of biotite (at Lassen.Peak). 
TalC'^enitatiie + liquid under I atmosphere. 

Transformation of green into brown bornbknde. 

Minimum for leudte showing poJysyntbetic twinning. 
Transformation «><|uartz ^-quartz. . Maximum for 

rose^uartz. 
Magwtite^hematite fm presence of oxygen). 
Wollastonite formed from CaCO, and SiO, under 

moderate pressure (12 atmospheres). 

Transformatioo marcasite-hpyrite. 
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CHAPTER V 

THE MAGMA AND ITS WALLS 

Ws may now turn to tha consideration of a body of deep 
ma^a which U exposed to such condittdhs of temperature and 
pressure as we have discussed tn these pages. It ts contained 
within a chamber whose walls are formed of rocks of familiar 
character; that is, of eruptive rocks such as granite and 
diabase, and of siliceous, aluminous and calcareous sediments, 
or the metamorphic equivalents of these. A question of funda* 
mental importance now arises: to what extent is the composi¬ 
tion of the magma modified by assimilation of the containing 

walls? 
The answer to this question depends in the first place upon 

what we mean by assimilation. If we mean dissolution—(hat 
is, the passage of foreign solids into a liquid system which 
remains wholly iiquid-^hen it seems that this can only take 
place to a small extent in nature, for it depends on tlie presence 
of superheat in (he magma; that is, on the difference between 
the initial temperature of the magma and the temperature at 
which freezing sets in. Prom the data given in Chapter IV 
we are justified in concluding that deep-seated magma ordi-' 
narily Iim no great store of superheat. 

It is not likely that any experienced petrologist who has 
discussed the assimilation of country rock by deep magma has 
ever thought of the process as one of simple solution or melt¬ 
ing. One gathers (hat the prevailing idea, though often 
vaguely expressed, has been that of reciprocal action between 
the magma and the solid rock, by which the magma gained 
certain constituents while giving up others to the solid. The 
expression “osmotic reciprocal reaction’' was applied to this 
process by H. J. Johnston-Lavis in 1694. 

In an account of the Glen Dubh granite in the island of 
Arran, written in 1903, A. Marker (1) described dark en- 
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closures in the granite which he declared to have been “ totally 
reconstituted, not merely by metamorphism but by interchange 
of material tetween them and the surrounding magma." 

J. J. Sederholm, too, when describing the assimilation trf 
diabase by granite at Wiborg, Finland, showed that the granite 
was enriched with plagioclasc and hornblende while the diar 
base enclosures were acidified by the granite magma. He 
summarized the matter in the following words: "The com¬ 
position and structure of the rock show that its material has 
been derived from the neighboring basic rock by refusion or 
resolution, and that there has been a continuous adjustment of 
its oomposiiion, whereby reactions have also taken place 
between the neighboring minerals." It should be observed 
that although Sederholm uses the words refusion and resolu¬ 
tion he clearly does not imply the disappearance of the solid 

phase. 
A. Lacroix, in his account of the granite of the Pyrenees 

and its contact-phenomena (lOOS) appears to use the nouns 
dissolution and assimilation in the same sense; but then 
Lacroix, following in the footsteps of MicheULivy, links the 
modification of the granite so closely with that of tJte sur¬ 
rounding sediments that his idea seems to be very similar to 
the "reciprocal reaction” of Johnston-Lavis. 

Petrologists are certainly to blame for having used such 
terms as solution, fusion, assimilation, and incorporation with¬ 
out fully explaining their meaning; but the references just 
made show that among the leaders of petrology the idea of a 
simple " melting in ” of the solid phase was not generally 

upheld. 
N. L. Bowen has clarified the idea expressed by Lavis, 

Marker and Sederholm and placed it on a sound chemical 
basis. He has shown that in many chemical systems, equili¬ 
brium between the solid and liquid phases can only be main¬ 
tained by reaction between solid and liquid throughout the 
period of crysullization. Thus in the system albito-anorthite 
(page 93) the early formed crystals are rich in anortbite, birt 
as cooling progresses these crystals react with the ramaioifig 
liquid and become progressively richer and richer in albite 
until freezing is completed. Thus the plagioclase feldspars 
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coostitute a tontinuous rtaetion But if, with falling 
temperature, a phase ceases to be stable and transforms into 
something entirely different, as forsterite into ensiatite or pyr<^ 
zene into amphibole, then we have a ducofainuoar reaction 
series. The most complete example of such a series is given 
by the magnesian minerals 

olivine->rhombic pyroxene->monoclinic pyroxene-^ 
hornblende-^biotite. 

Each member of this series tends, as crystallization pro¬ 
gresses, to transform into a later member which is in equili¬ 
brium with the changed conditions of temperature and con¬ 
centration in the residual liquid. It follws that a liquid 
which is supersaturated with regard to one member of the series 
cannot durohia any of that member but can raael with it in 
such a WSJ as to convert it into a later member of the series, 
with which, at the moment, the liquid is in equilibrium. In 
this process the solid phase will not disappear but it will be 
made over into a different solid phase; in short it will be meta¬ 
morphosed; and the liquid phaM will also suffer a change in 
composition. Thus a granitic magma, saturated with regard 
to biotite, cannot dissolve divine, pyroxene or hornblende, but 
can and will react with these minerals, converting them into 
biotite. To effect this change no heal is required, for the 
crystallizing phase gives up as much heat as the disappear¬ 
ing phase takes in. Bowen calls this process “ reaaive solu¬ 
tion and precipitation,” and he considers it possible for a 
magma that la^ superheat to take up considerable quantities 
of foreign matter in this way. 

It is clear that there are three processes by which foreign 
matter may be taken up by a liquid magma, namely 

(i) Mechanical incorporation of solid panicles without any 
chemical change; 

(3) Reactive solution and precipitation; involving the re¬ 
placement of one solid phase by another solid phase; 

(9) Total dissolution, the sdid phase disappearing alto¬ 
gether. 

It is very desirable that these three processes should re¬ 
ceive distinctive and unequivocal names. Loosely speaking, 
the term ” incorporation ” might be applied to all three of 
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(hem, and '* assimilation to two; but much would be gained 
if we could agree to restrict *' incorporation ” to the first pro* 
cess, "assimilation" or perhaps *‘cross.as^milaiion" to the 
second, and " dissolution " to the third. 

Instances of mec^nicai intorporation are numerous; they 
arc to be found on a larger or smaller scale at almost any iev- 
irusive junction. The dolerite dyke shown in PlaU II is 
crowded with angular lumps of quanz often several inches in 
diameter. In rising through the granite whicli forms the 
country rock, the dolerite appears to have followed a channel 
provided by a reef of quartz or pegmatite; and lumps of quartz 
and feldspar, breaking away from the walls, were enveloped 
in the rapidly cooling magma with little or no alteration. In 
other instances the enclosed grains are smaller and theft their 
foreign origin is less obvious. Some basalts contain quanz 
grains which have been regarded as crystallizations from the 
magma, and indeed it is sometimes difficult to prove that they 
are not so. The kimberlite of (he South African diamond 
mines contains rounded grains of garnet, cnstatiie, diopside, 
and other minerals which were at one time regarded as crystal* 
llzations from the magma that formed the kimberlite. Later 
studies have shown cortclusively that these are foreign bodies 
picked up by the rising magma from the country rocka through 
which it broke its way. 

A remarkable rock which was described by A. G. Hdgbom 
(1) in Angermanland, Sweden, consists of large anorthite 
crystals lying in a base of quartz and orthoclase. Hdgbom 
shows that this rock was formed by the invasion of a coarse 
grained anorthosite (plagioclase>rock) by a granitic magma 
which insinuated itself between tlie large feldspars of the 
anorthosite and crystallized (here. R. S. Cannon has described 
large crystals of andesine in a quartz*syeni(e of the Adirondack 
Mts., New York, and advances the same explanation. 

Although mechanical incorporation has been the dominant 
process in these instances, and in many others that could be 
cited, yet some degree of reactive solution and precipiuiion can 
generally be demonstrated in addition, if only on a microscopic 
scale. The purely mechanical orocess possesses little interest, 
except in so far as it provides us with petrographical puzzles 
like those just describ^. 
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Evidence <rf simfU dissolution of country rock is scanty, 
«nd k U oon6ned to rocks formed at or near the surface of the 
«Rrtb. AltbouEh we may not assume much superheat in deep 
magma, yet the observations of T. A. Jaggar at Kilauea show 
thJ there may be considerable super-heating of surface lava m 
consequence of gas reactions. The temperature of the gases 
escaping from domes on the surface of the lava lake at Kilauea 
ranged from 1100* to 1350* C., and it was repeatedly observed 
that any increase in the quantity of gas discharged was accom¬ 
panied by an increase in the surface temperature of the lake. 
This must be the eaplanaiion of the often-repeated observation 
that fragments of rock enclosed in active lava have sometimes 
been melted. A. Lacroix recorded the melting of granite by 
andesite on Santorin, forming a perlitic glass. The melting of 
granite in contact with basalt or diabase has been described by 
J. S. FleU, L. Hawkes (1), and A. Lailakarij in each case 
tba action was on little more than a laboratory scale. Melt¬ 
ing on a larger scale has lately been recorded by I.«r9en 
and Switser in San Diego county, California. A mass of 
granodioritB measuring about ftO x 40 feet is enclosed in a plug 
of andesite and has been almost half melted. Alkali-feldspar 

bkxke have disappeared; hornblende has been tran^ 
formed into augite; and the product is a rock that looks like 
obsidian and consists of crystals of quartz, plagiodase and 
augite aet in a black glass. In this case (here is no evidence 
of mixing between magma and melt; but in Owens Valley, 
California, A. Knopf was able to show that a body of olivine- 
baaalt, intruded into granodiorite, has developed a base of clear 
brown glass by melting and dissolving the minerals of the 
graoodk)rits. 

J. P. Iddings observed the converse process, melting and 
dissolution of solid basalt by liquid rhyolite, in the Yellow¬ 
stone Park. C. N. Fenner (1) has made a close study of the 
latter phenomenon and has described a series of hybrid rocks 
resulting from it. One of these hsd a composition corre¬ 
sponding to 30 parts of basalt in 70 parts of rhyolite; another 
corresponded to 68 parts of basalt and 81 parts of rhyolite. 
Under the microscope the hybrid rocks showed corroded 
crystals of olivine, pyroxene and labradorite derived from the 
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basalt, together with insets of quartz and orthoclase belonging 
to the rhyolite, all of these being scattered through a fine^ 
grained groundmass of hybrid origin, composed of pyroxene, 
ore, oligoclase and orthoclase. It should be added that R. B. 
Wilcox believes the effect to be due to the interaction of two 
hot liquids rather than the solution of solid basalt by liquid 
rhyolite; but Fenner (8) gives strong field evidence in.support 
of his contention. The difficulty of arriving at the true inter* 
preution is brought out by L. Hawkes (2) who has tried to 
reconcile the two views. Similar observations were made by 
Fenner at Novarupta volcano in Alaska, but here the evidence 
of dissolution of basalt is even more complete for the product is 
largely a frothy glass having the chemical composition of an 
acid andesite. Fenner can offer no indication of the source 
of heat beyond the suggestion of exothermic reactions con* 
nected with the escape of gases from the rhyolitic lava. 

It must be admitted, then, that simple melting and dis* 
solution of foreign rocks is not impossible, although it is prob* 
ably restricted to magma that has risen nearly or quite to the 
surface. 

Bvidence of ossimi/alion of country rock by magma, in the 
sense defined on page 67, is widespread, although the recogni¬ 
tion of this fact has been long delayed by the very character of 
the reaction. The tendency of cross-assimilation is to produce 
the same phases both in the magma and in the country-rock; 
thus it may be impossible to distinguish the products of re- 
active solution and precipitation from the products of normal 
crystallization. A further difficulty which arises out of this 
one is that in certain cases one does not know what the com¬ 
position of the original intrusive material was, for the rock 
exposed at the surface, which passes for the unmodified erup¬ 
tive, may itself be a composite thing. C. N. Fenner (S) has 
described some beautiful coses of admixture of granitic and 
metamorphic rocks in New Jersey. The purest variety of the 
granite contains little but microclinc, atbile and quartz; and 
the dark coloured metamorphic rocks, which form bands and 
indefinite streaks within the granite, consist of biotite, horn¬ 
blende, quartz, microcline and albite. Fenner remarks that 
'* in such occurrences as show bands of basic rock in Ur|^ 
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amount, the adjacent granite contains the largest quantity of 
dark silicates, and where inclusions are rare, the granite is 
very light coloured and nearly free from ferro-magnesian 
minerals, and it seems probable that the invading magma was 
composed essentially of quartz and felspars, and that the dark 
minerals, even in massive granite, were derived to a large 
extent from the rocks which were invaded.” 

W. ]. Miller has assumed a very extensive assimilation of 
country rock (metamorphic rocks of the Grenville Series) in 
order to explain the phenomena shown by the granite masses 
of the Adirondack Mountains, New York. He has, however, 
fallen into the common error of confusing '* assimilation ” with 
fusion, and he repeatedly speaks of ” melting ” of the gneiss 
when it would be more in accordance with modern views to 
speak of “assimilation.” He tells us that the top of Prospect 
Mountain is formed of fine-grained, grey btotit^granite, which 
is very homogeneous except for occasional patches and 
stringers of Grenville gneiss. Passing southward down the 
mountain side, this rock shows fewer and fewer inclusions, 

^ passing into medium-grained biotite.granite and eventually 
into biotite-granite porphyry. Passing westward down the 
mounuin side, however, the fine-grained granitic rock be¬ 
comes coarser and holds more and more numerous and clearly- 
defined inclusions of Grenville gneiss, and passes eventually 
into biotite-garnet gneiss and quartzitic gneiss at the base of 
the mounuin. As there is a perfect transition from the gray, 
granitic rock into the granite porphyry, on the one hand, and 
into Grenville gneiss on the other, it is held that the gray rock 
was formed by “fusion and incorporation” of gneiss by the 
granite-porphyry magma. 

It seems clear that there is no necessity for the assump¬ 
tion of “fusion ” in this case. The minerals of the gneiss are 
to a Urge extent the same as those of the granite, and the con¬ 
junction of cross-assimilation with mechanical incorporation 
sitould be adequate to explain all the phenomena. But Miller 
has certainly demonstrated a very extensive intermingling of 
magmatic with non-magmattc material in this region. 

W. H. Collins makes out a strong case for extensive 
assimilation of sedimentary material by granite in the Onaping 
area, Canada. Batholiths of biotite-granite have invaded a 
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complex of ancient schists which represent, in a highly meta- 
morphic state, a system of slates, conglomerates, arkoses, tuffs 
and lava beds. The more usual types are chlorite schists, 
sericite schists, and '* iron formation,*' or banded slates con. 
taintng much magnetite and hematite. Where the biotite 
granite makes contact with the schists it is found to be full of 
blocks of the schist, showing all possible stages of disintegra¬ 
tion, the contact itself “ resembling in miniature an irregular, 
deeply embayed ooast4tne fringed with a myriad of islands and 
islets.” The iron-rich inclusions are surrounded by dark 
areas of rock so rich in hornblende as to be nearly black, fading 
away outwards into normal biotite granite; these areas are 
clearly due to assimilation of fragments of iron-formation, as 
a result of which the biotite granite has transformed itself 
locally into hornblende rock. Near Burwash Lake many 
bodies of iron formation are enclosed in the eruptive, but the 
schists which normally lie above and below the iron formation 
have all disappeared except for swarms of partly digested frag¬ 
ments that lie in the granite. It is concluded that over an area 
of at least 90 square miles a thickness of schists measurable in 
hundreds, if not thousands, of feet was absorbed by the 
magma, and that the iron formation survived by virtue of be¬ 
ing the most refractory material in the schist complex en¬ 
countered by the granite. (Ftg. 4.) 

Many descriptions of interaction between magma and 
country rock fail to carry conviction on account of inadequate 
chemical study. It is therefore a pleasure to turn to the admir¬ 
able description, given by A. Brammall and H. F. Harwood, 
of the Darterroor granites and their contact phenomerui, and 
to find that the precise petrographical work of one of the 
authors is supplemented by a large number of the accurate 
chemical analyses for which the other author is celebrated. 
The Dartmoor granite is intrusive in Paleozoic shales and 
grits, and the shale has been highly metamorphosed near the 
contacts. The following arulyses clearly show that an ex- 
change of certain constituents (cross-assimilaiion) has taken 
place between the granite and the shale. The numbers are 
molecular proportions. 



THE MAGMA AND ITS WALLS 

SiO, 

Attrmgt 
CrmmU 

Cmlmct 
Grmmiu 

CtMftWf 
SM, 

A»*r»g* 
5A«U 

782 782 681 864 
A1,0. 92 98 182 173 
FeMn oxides 27 23 38 64 
MgO 12 11 38 44 
CtO 17 12 4 6 
Na.O 31 27 16 13 
K,0 36 42 68 61 
TiO, 4-8 3-8 8 7 
P.O. •9 23 3 2 

To bring ihc contact-granite back to the composition o( 
the normal granite it would be necessary to subtract from it a 
fraction amounting to 89 per cent of its mass and having the 
following (normative) composition:—quartz 84, orthoclase 46, 
aibite 7, corundum 7, magnetite 2, enstatite 1 pec cent. 

The figures show that passage from shaU to' granite is 
characterized by a selective abstraction of thesiliceoua-alomin- 
ous constituents of the shale, which caused the masso of shale 
to disintegrate. The products of thermal metaraorpbism 
(andalusite, tourmaline and pinite) were incorporated in the 
granite magma, where they tended to be *‘m^e over" into 
mica. The granite itself shows a wide range of composition, 
as follows 

Quartz 19 ro 40 
Biolite 2 49 
Mtcroperthite 19 42 
Plagiocisse 8 21 
Afvorthite In plsgioelstK 2 26 
Colour index of rock 6 63 

The general conclusion drawn by Brammall is that *' the 
variation observed is attributable to the basification of fnitiafly 
acid magma while emplacement and differentiation were pro¬ 
ceeding. The phenomena as a whole are consistent with the 
view that the initial magma was sodi-potassic (or even domi¬ 
nantly sodic), and that the potassic products . . , are' dif¬ 
ferentiates from magma which assimilated shale at an early 
stage." 

Among recent studies of reaction between magma and its 
wall rock, the description of H. H. Thomas and W. Carhpbe)) 
Smith of the xenoliths in the Tr^stel granite, in Briftany, 
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is oi outstanding importance. The Tr^gastel granite is made 
up of micfocline-microperchite and quartz, with subordinate 
oligoclase and biotite. If holds a great number of enclosures, 
Some of which are obviously of sedimentary origin while others 
have an igneous aspect. The source of the latter is shown to 
be a body of olivine'norite which was invaded and cut up by 
the granitic magma. The least-altered norite consists of 
olivine and hypersthene, with subordinate biotite and plagio- 
clase (bytownite) and a little apatite and ore. In the slightly 
altered norite hypersthene occurs to the exclusion of olivine; 
some monoclinic pyroxene makes its appearance, and the 
feldspar is labradorite. Other examples are found in which 
monoclinic pyroxene predominates and the feldspar is a still 
more sodic variety. In addition to these noritic and gabbroic 
enclosures there are others which might be described as diorhic 
or monzonitic in composition, consisting of orthoclase, quartz, 
zoned plagioclase of the mean composition of andesine, horn- 
b)ende, biotite and sphene. The most acid type of alt consists 
of quartz, orthoclase, acid plagioclase and abundant sphene. 
The-granite itself, near the enclosures, is enriched with oiigo- 
clase, biotite, and hornblende. The evidence seems conclusive 
that the olivine-norite reacted with the crystallizing granitic 
magma and that the olivine was transformed into hypersthene 
and dinopyroxerte, and the hypersthene again into biotite, just 
as the reaction principle requires. 

A remarkable example of assimilation of gabbro by grano- 
phyr^magma at Carrodc Fell,- Cumberland, was described by 
A. Barker (2) in 1895, but still awaits chemical study. Pass¬ 
ing outwards from the heart of the granophyre area, the rock 
becomes less and less siliceous and de^ops increasing 
quantities of augite, apatite and iron ores. The marginal 
facies of the granophyre, which is in contact with the gabbro, 
Is a compact, dark rock with a spect6c gravity of 2-925, that of 
the normal rock being 9-670. The facts lead to the conclusion 
that portions of the gabbro were assimilated by the granophyre 
magma. The augite seems to have been made over com¬ 
pletely, since the augite of the granophyre is not identical with 
that o( the gabbro. The feldspar seems also to have been 
made over in great part, though it is considered possible that 
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some of the relatively large crystals of plagioclase seen in the 
modifted granophyre have beerr directly derived from the older 
rock, for they frequently show a clear border surroundit^ a 
turbid interior of rounded shape and corroded appearance. 
The iron ore and the apatite of the gabbro have Wn simply 
incorporated by the granopltyre without uildergoirtg solutiorf. 
(Fig. 5.) 

A very similar case was studied by W. J. Sollas in the 
district of Carlingldrd, Ireland. The top of thie hill of Barna- 
vave is gabbro. the base is granite and granophyre (granite* 
porphyry), the junction being well exposed. Dykes of graifo* 
phyre cut the gabbro. and lumps of gabbro are enclosed in 

S/^. Cr j-j 2-^ a-ao 2-70 

Gabbro Granophyre 
Fio. S. Section tUiMtmciD| dw modlAcatloo «( tho 
Carroek Pdl Sranoptiyr* bjr tncorporailoa and 

MalnilUtlon ol faboro. (After A. HarW.) 

the grajlite, sometimes forming intrusion-breccia. Detached 
crystals from the gabbro lie in the granophyre, and in the ab¬ 
sence of held evidence they would be mistaken for true 
constituents of the latter. From the large plates of augite 
(diallage) in the gabbro smaller augite grains have been 
formed, and occasionally some biotitc or green hornblende. 
The basic plagioclase crystals of the gabbro have developed 
mantles of orthoclase, and the hybrid rock so produced might 
be called quartz-biotite diorite (Sollas). 

A careful study of the normal and the contaminated 
granite, the xenoliths, and the hybrid rocks developed in this 
area has lately been made by S. R. Nockolds, who has sup¬ 
plied the chemical evidence required for the study of the reci¬ 
procal action described by Sodas. 

Instances of reaction between granite and diabase-magma, 
or diabase (dolerite) and granitic magma, are frequently men- 

7 
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(toned in geological Hierature, though details are often lack* 
ing. F. P. Mennell has des^ibed dolerite dykes which cut 
granite in Southern Rhodesia and incorporate masses of the 
granite itself or of quarts and feldspar. (Sec Piate II.) 
Mennell shows that there has been some solution of the en> 
closed materia] and some crystallisation of micropegmatite in 
the dolerite. T. Krokstrdm gives a full account of the Halle* 
fors dolerite dyke in Sweden. Near its contacts with granite, 
this rock holds inclusions of granite and is itself greatly en¬ 
riched with quartz and alkalUfeldspar, which form micro 
pegmatite intergrowths. The reaction is sometimes so com* 
plete tliat the dykorock is said to merge continuously with the 
wall rock, without any distinct boundary. 

The converse occurrence, solution of diabase in granite, 
has been observed by A. G. Hdgbom (3) at Ragunda, Sweden. 
The granite sends a network of veins and dykes into the 
diabase, giving rise to an intnision-breccia which consists 
of fragments of diabase cemented and more or less altered by 
the granite. (Plata III.) Hogbom claims that intermediate 
rocks, characterized by chemical and structural inconstancy, 
have been produced by the assimilation of diabase by granite. 
J. J. Sederholm has given an account of reaction between 
diabase and intrusive granite near Wiborg, Finland. The 
granite encloses large masses of the diabase, several hundred 
metres in diameter, and in the neighbourhood of these the 
granite is so enriched with ptagioclase that it acquires the char* 
acter of quara-monzonite. At Pecos, New Mexico, the 
injection of granitic magma into solid diabase has produced 
a remarkable banded rock which has been described and 
figured by P. Krieger. 

The contamination of gabbro or norite magma by incor¬ 
poration sedimentary and mctamorphic material has been 
studied closely by H. H. Read in Aberdeenshire. Magma 
which normally gives rise to norite (plagioclase-hypersthene 
rock) has, owing to assimilation c( its country rock, produced 
rocks which contain oordiertte, sillimanite, spinel, garnet, and 
hornblende, together with cvthoclase and quartz. It is shown 
that in the process of assimilation there is an interchange of 
material between the magma and the enclosures, the magma 
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yielding lime, magnesia, and possibly soda to the enclosures 
and receiving alumina and potasii in exchange. Read believes 
that after this interchange has uken place, the modified en- 
closures sink, leaving the magma lighter and more acid than 
before, so the final product of contamination may be a fairly 
normal«looking granitic or dioritic rock composed of quartz, 
biotite, hornblende and feldspar. 

Even such highly resistant maierial as sandstone and 
quartzite has undergone assimilation by basic magma. W. A. 
Jones has studied the assimilation of quartzite enclosures by 
gabbro at Sudbury, Onurio. The irregular or lens-shaped 
enclosures are of all sizes up to a hundred feet long and forty 
feet wide. About every enclosure there is a marginal zone 
hornblende and plagioclase, followed inside by a zone of 
plagioclAse and quartz and sometimes there is a core of pure 
quartz. (See Fig. 2, p. 46.) 

W. Q. Kennedy and H. H. Read have furnished an 
admirable study of cross-assimilation between an acid dioritic 
pegmatite-magma and greywacke in Dumfries, Scotland. 
The pegmatite loses alumina, soda and potash, and gains iron, 
magnesia and lime, resulting in bastfication of the magma and 
feldspathization of the greywacke. 

An astonishing case of assimilation of sandstone was 
described at Julianehaab, Greenland, by N. V. Ussing. An 
augite-syenite consisting of feldspar, augiee and olivine holds 
immense included blocks of sandstone and countless small 
fragments. One of the great blocks has a volume exceeding 
200,000 cubic metres. Round each of these inclusions there 
is a zone of soda-granite, formed by solution of sandstone in 
the syenite-magma. The soda-granite has been completely 
fluid, since it sends small veins into the sandstone and the 
surrounding augite syenite. 

The clearest evidence of solution at eruptive contacts will 
naturally be found in cases where the country rock diflers very 
widely in composition from the invading magma, for then no 
amount of contact metamorphism can completely obscure the 
nature of the country rock, and any appreciable assimilation of 
it is bound to be evident in the changed composition of the 
eruptive near the junction. Such a case would be, for 
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example, the contact of a granitic magma with a limestone. 
We shall see that such contacts have in point of fact furnished 
some of the most convincing evidence we possess of magmatic 
assimilation. As a first illustration we shall consider the 
classic work of A. Lacroix on the granites of the Pyrenees. 

The granite massif of Qu^rigut is in contact with schists, 
quartiites and limestones of Paleozoic age, through which it 
is believed to have risen by dissolving them away, the schists 
yielding easily to dissolution while the limestones were more 
resistant. Consequently great masses of more or less altered 
limestone are completely enclosed in granite, and as a result 
of assimilation of limestone tlie granite loses its quartz and is 
locally oonverted into hornblende>mica-diorite, or where re~ 
action has gone further, into norite and hornblende-peridotite. 
The argillaceous rocks all around the granite have been 
changed to mica-schist and mica-gneiss, and the limestone 
near the contact is silicified and full of wollastonitc, epidote, 
piagiodase. garnet and hornblende. The proof of the modi¬ 
fication of the granite by assimilation of limestone is complete. 
Wherever one finds a sheet of limcctone enveloped by'granite, 
it has a margin of bornblendic rocks which do not occur in 
any ocher situation. (Fig. 6.) 

Lacroix holds that the granite rose into place in a slow, 
progressive manner by assimilation of the sediments which it 
replaced. Constantly, as the granite rose to higher and 
higher levels, it was preceded and accompanied by a “ cortege 
dMmanations transformatrices,*' which reacted chemically with 
the sediments, so that the material which eventually passed 
into the magma was no longer normal sedimentary rock, but 
rock which had already undergone extreme meumorphism 
under the influence of the emanation. The elements which 
were added to the contact rocks were especially alkalies and 
silica. Thus in the case of the mica schists, these were first 
“ feldspachited " by the emanation and converted into mica- 
gneiss, with a mineralogical composition not greatly different 
from that of the granite itself; consequently when the gneiss 
was irtcorporated in the granite, the only viable change in the 
latter was the development of some excess of biotlte. It is 
otherwise with the limestone; no addition of alkalies and silica 
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can transform this into anything resembling a normal granite, 
and the most characteristic minerals produced by its alteration 
are hornblende and lime-feldspar. It follows that assimilation 
of limestone by the granite magma must profoundly modify 
the composition of the latter, the tendency being towards the 
production of hornblende diorite or gabbro. 

There is an abundance of evidence connecting the 
amount of assimilation performed with the degree of meta¬ 
morphism in the country rock. A good illustration is sup¬ 
plied by the granite massif of Bordires. On its north side 
this massif has exerted little metamorphic action; the schists 
are not feldspathized and the limestone is not silicihed. In 
this part the granite contains no hornblende and shows no 
basic modification. On the south side the contact meta- 
morphism is intense; the granite is rich in hornblende and 
passes into a dioritic facies. 

Another area of (he greatest importance for the study of 
as^milation at granite contacts is the Haliburton-Bancroft dis¬ 
trict of Ontario, which has been described by F. D. Adams 
and A. E. Barlow. In an area of 4,900 square miles, granite 
and granit^gneiss occupy 3,696 square miles, or about 63 per 
cent. The eruptive complex involves three distinct elements, 
as follows 

(a) red granite or gneiss, 
granite or gneiss, 

(c) amphibolite inclusions. 

The first of these is essentially a rock composed of quartz, 
orihoclase and oligoclase, with very little biotite. The second 
is richer in dark minerals, and contains both ortho- and clino- 
pyroxenes as well as biotite and hornblende. The amphi- 
b^ite inclusions form large masses of irregular shape, and 
also long narrow bands with distinct foliation; they range 
from masses occupying acres of ground to fragments of a few 
square inches. The constituent minerals are hornblende, 
which makes up about half of the rock, clinch and ortho- 
pyroxerM, labra^rite, and a little pyrite and calcite. Other 
basic inclusions are rich in olivine and spinel. These amphi¬ 
bolite masses vary much in number from place to place, 
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although they are seldom entirely absent. On the southern 
margin of the Glamorgan batholith they are reckoned to con¬ 
stitute about half of the entire stock. There is no sharp line 
between granite with inclusions of amphibolite, and amphi- 
bolite cut up by veins of granite. All stages of the process 
can be observed whereby an immense solid mass of black 
amphibolite, absolutely free from any granitic admixture, is 
resolved into a swarm of amphibolite fragments distributed in 
a long stream through a body of mixed rock. While the 
detached masses often preserve their angular form, they som^ 
times seem to have been softened and rendered more or less 
plastic: and when this is the case, movements of the magma 
draw them out into long, narrow ribbon-like forms which, 
when pulled out very thin, pass into ill-defined gray streaks 
in the granite. 

The amphibolites result in part from the intense alteration 
of limestone, every intermediate stage being represented 
between almost unaltered limestone, partly silicihed limestone, 
and amphibolite with a little residual calcite. W. G. Foye 
shows that the conversion of limestone into amphibolite, as 
described by Adams and Barlow, involves a loss of 39 per cent 
of lime and i2 per cent, of carbon dioxide from the limestone, 
and a gain of 4^ per cent of silica, 19 per cent of alumina, 6*8 
per cent of ferrous oxide, 1-4 per cent of magnesia, 4-6 per cent 
of soda and T2 per cent of potash by the limestone from the 
granite. 

The present writer has studied the reaction between granitic 
magma and a moderately magnesian limestone at Palabora, 
eastern Transvaal. (Fig. 7.) The intrusion of granite into 
the ancient schists of this region took place in several .stages. 
At each stage there was an injection of pegmatite sheets and 
dikes which intersect those of earlier stages, forming an in¬ 
trusive complex of a highly involved character. The nsost acid 
type of granite has die following compositionquartz 97, 
microcline and microperthite 85, oligoclase 36, biocite, sphene 
and apatite 8 per cent. The products of reaction with limestone 
are: 

(a) diopsidc-arfvedsonite syenites, containing microcline 
and only a little quartz; 
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(b) sbonkinites (meUnocratic syenites) consisting roughly 
of one-thifd roicrodine, two^hirds diopside with some 

apatite; 
(c) pyroxenites, almost wholly composed of diopside or 

diopside and apatite; also apatite rocks. 
All of these rocks are cut by younger granite. In the lime¬ 
stone, however, no granite veins were observed but only veins 

Pie. T. Mep «( the teMtiee eoopln rranite tad liia*. 
■tm at Palatnn, mMmo TranrrsaL [Fton Tr»$u. GmL S«t. 

S. Atrit*. veL 61, fUlt ST.) 

of syenite and shonkinite. The variation diagram (Ftg. 8) 
shows the chemical changes involved in the reaction. The 
horizontal coordinate is the colour index, or the proportion 
of heavy minerals in the rock. The vertical oo-ordinate 
gives the percentage of the various constituents, namely, 
quartz (Qz), albite (Ab), orthoclase (Or), apatite (Apat.) 
and CaSiOi. MgSiO,, P^iO*; also the sum of Or-f Ab 
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and the ratio Or/Ab. Fro«n the diagram one cart deduce 
the operation of three distinct processes. The decrease of 
quarts and the concurrent increase of the three meta- 

Pte. 6. V»ri«ti<ia.aUfTUD for Um rooks of PsUbors, Trias, 
vsal. Tbs borlsoatal eo-erd(Mts is Um oelowr indsa. Ss- 

ptaastioa «e pp. SSaS. 

silicate molecules which constitute diopside can hardly be 
explained by any other process than assimilation of limestone, 
which went on until most of the free silica in the bordering 
magma was neutralized. The further large increase of lime 
and magnesia that appears in passing from ^enice to shoo* 
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kinite cannot be explained in this waj', but seems to be due 
to the accumulation of diopstde crystals in certain parts of the 
body of ctmtaminated magma. The third process that is 
shown by the ▼ariation>diagram, namely, the progressive 
elimination of atbite, does not concern us at present. 

The syenites, shonkinites and pyroxenites of this region 
occupy several square miles around the central limestone 
mass, which has bMn charged with magnetite and apatite and 
has also developed diopsidf and olivine by thermal meta* 
morphism. {Fig. 7.) 

Although the most convincing examples of assimilation 
of limestone or dolomite have been found in connection with 
acid magmas, there is reason to believe that even very basic 
magmas can assimilate carbonate rocks. The curious rocks 
called " sagvandite,” which have been studied by T. F. W. 
Barth, are found in Norway, Finland, and New Zealand in 
association with peridotites and dolomite>rich sediments. 
Typical sagvandite consists of large crystals of enstatite, or 
enstatite and olivine, in a groundmass of enstatite and mag* 
nesite (magnesium carbonate). Accessory minerals are talc, 
picotite, and anthophyllite. The rocks occur in small pipes or 
stocks from ten to five hundred metres in diameter, and their 
igneous character is shown by their texture and by the thermal 
metamorphism of the surrounding sediments. Barth oon* 
stders sagvandite to have resulted from the assimilation of 
dolomite by an ultrabasic magma, and points out that the high 
concentration of CO, which must result from this reaction 
would enable the contaminated magma to make its way ex* 
plosively into the .surrounding rocks. 

It has been maintained by R. A. Daly and others that a 
magma may lose so much .silica, by assimilation of limestone, 
that it must fonn nepheline or leucite instead of the customary 
alkalUfeldspars, and Daly holds that all or most of the feld* 
spathoidal rocks have been generated in this way. There Is a 
good deal of field evidence in support of Daly’s view, which 
will be dLscussed in a later chapter. If an acid magma may be 
desilicated by reaction with limestone, it is also true that a 
magma of such low acidity that nepheline or olivine would 
normally be formed from it, may be so acidified by contact 
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with siliceous country rocks thst these minerals fail to develop 
in the neighbourhood of the contact. The nepheline-syenite 
of the island of Aln<3, Sweden, is intrusive in granitic gneiss, 
and towards the junction the syenite loses its ncpheline and 
acquires biotite, while the gneiss loses its quartz and develops 
sgirine' There is thus a coniact*2one three hundred metres 
wide which is divisible, according to A. G. Hi^bom (8) into 
an outer belt of modified gneiss and an inner belt of modified 
syenite, with no sharp division between them. The nepheline 
syenite of livaara, Finland, also shows an acidified marginal 
zone, and so docs that of Mariupol, Russia; while several 
cases have been described in Greenland. At Korok, for 
example, a syenitic rock containing nepheline and olivine loses 
both of these minerals and acquires quartz where it comes into 
contact with sandstone (N. V. Ussing). Similar evidence is 
available in the case of many olivine-bearing rocks; thus A. G. 
Hdgbom (4) describes sills of olivine-dolerite at Nordingra, 
Sweden, which lose (heir olivine and become quartz-bearing 
near their contacts with granite and sandstone. 

Further discussion is hardly necessary. We are already 
in a position to meet the question, whether deep magma exerts 
any solvent action on its containing walls, with the assurance 
that a certain amount of assimilation of country rode has un¬ 
questionably taken place in many cases. Whst it is that 
determines whether reaction shall take place or not it Is hard 
to say, but one may guess at the operation several factors. 
The temperature of the magma at the time of intrusion Is im¬ 
portant, as well as the presence or absence of any nouble 
degree of superheat. The composition of the wall-rock in 
relation to that of the magma is also significant. F. Zirkel 
enunciated the rule that in acid magmas, acid enclosures are 
not assimilated but basic ones are; in basic magmas, basic 
enclosures are not assimilated but acid ones are. This rule 
certainly expresses in a rough way the result of many field 
observations. It should be remembered, however, that in the 
event of the assimilation of an acid rock by an acid magma, 
or a basic rock by a basic magma, the composition of the 
magma would undergo so little change (hat evidence of the 
reaction might be hard to find in the field. H. H. Read 
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reports that in Aberdeenshire the norite magma " appears to 
swallow up with avidity material phyllitic nature, but to 
reject quartzose or calcareous rocks.” The granites of the 
Onaping area, described by W. H. Collins, have found the 
siliceous and argillaceous schists much more digestible than 

the ferruginous slates. 
The concentration of the fugitive constituents in the 

magma, and the occurrence of conditions which facilitate or 
reurd their escape into the country rock, must have great in> 
fluenoe in the matter. For instance, the reaction 

CaCO,+SiO,.<=^CaSiO, + CO, 
is reversible, and if the concentration of CO, in the magma 
is high enough the silicification of a limestone in contact with 
that magma may be prevented. V. M. Goldschmidt ascribes 
the subility of calcite at the granite contacts of Rien, Norway, 
to the high partial pressure of CO,. The granite of Bordires, 
in the Pyrenees, has reacted with limestone and schists <m its 
south side, but not on the north. It seems likely that the 
facilities for the escape fugitive constituents from the magma 
were greater on one side than the other^ owing either to the 
structure of the country or to the incliaation of the intrusive 

mass. 
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CHAPTER VI 

THE FREEZING OF SILICATE MELTS 

When a liquid freezes, it may give either a mass of crystals 
or a glass. In the first case there is an abrupt change of all 
the physical properties of the system, such as viscosity, 
density, refractive index, and specific heat, at the freezing 
point. In (he second case there is only a gradual increase in 
the viscosity of the liquid, until it beromes so great that we 
think of the system as a solid, accompanied by small progres- 
uve changes in the other properties; there is no definite freez¬ 
ing point at all. The factors which determine whether any 
liquid shall crystallize or become a glass are principally the 
fluidity of the liquid and the rate of cooling; other things 
being equal, slow cooling favours crystallization and high 
viscosity retards it. Since the gases and simple salts dis¬ 
solved in a magma inaease its fluidity, a high concentration 
of fugitive constituents will favour crystallization; and there 
is reason to believe that the glas^ character of certain lavas 
is due more to the loss of their gases than to rapid cooling. 

Freezing with production of glass intr^uces nothing 
new, for glass is just a nx>re viscous liquid; but crystallization 
involves the appearance of new solid phases, and die course of 
crystallization and the nature of the products are subject to 

laws which we must study. 
A pure substance such as mercury or water has a perfealy 

definite freezing pcnnc (at a given pressure); above the freezing 
temperature only the liquid form can exist, below it only the 
solid form is stable. Under a fixed pressure, there is only one 
temperature at which the solid and the liquid can exist inde¬ 
finitely in contact with each other, and that is the freezing 
point. If we ever had to deal with a magma consisting of 
molecules of one kind only, say a pure anorthite magma, we 

M 



THE FREEZING OF SILICATE MELTS M 

should expect it to crystallize at 1&50* C. precisely (under 
atmospheric pressure), while a pure diopside magina should 
crystaliizeat 1890* C> Such a magma is probably never realized 
in nature. Many rocks are known which consist almost en> 
tirely of one mineral, but small amounts of other minerals are 
seldom absent, and in addition we have seen that cerUin 
fugitive constituents are probably present in every magma. 
Most rocks contain from four Co ten or more distinct minerals, 
and when some of these are complex solid solutions, like horn, 
blende and augite, the number of simple silicate molecules in 
the magma must be large. 

Now a liquid mixture with two or more components be¬ 
haves in general quite differently, in the act of freezing, from 
a liquid of simple composition. The difference is shown in (he 
following ways:— 

(1) The temperature at which freezing begins is not the 
same as the freezing point of any one of the com* 
ponents, and is different even in different mixtures of 
the same components. 

(9) Freezing does not take place entirely at one tempera- 
ture, but continues through a certain range of tern- 
perature. That is, instead of a freezing point there 
is a freezing interval. 

(8) The crystals that form first do not have the same com. 
position as the liquid out of which they crystallized. 
In different mixtures of the same components, the 
crystals that form first may be different. 

The first point is just a re-statement of the Raoult-Blagden 
Law (page 48) that every substance when dissolved in a liquid 
capable of crystallizing, lowers its freezing point. Sea water 
has a lower freezing point than fresh water on account of the 
small quantity of salt dissolved in it, and by increasing the 
concentration of salt the freezing point can be brought down 
to —23* C. In a mixture of molten silicates there is no disttne* 
lion of solvent and dissolved substance, but each component 
may be considered to be dissolved In the others. 

The freezing of the system anorthite-diopside has been 
studied by N. L. Bowen (1). The melting or freezing point of 
pure anorthite is 1S80* C., that of diopside is 1890* C., but a 
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mhcture containing anorthite 80 parts, diopstde 20 parts, onf; 
begins to freeze at 1485* C. and is not completely solid till 
1270* C. is reached. A mixture of diopside 80 parts, anorthite 
20 parts, begins to freeze at 1350* C., and the last trace of 
liquid oaly disappears at 1270* C. Each of these mixtures has 
iherclore a/veexiag interval instead of a single freezing point, 
which ilfustrates the second of the above statements. But the 
mixture which contains 68 parts of diopside to 42 parts of 
anorthite does not even begin to freeze until 1270* C. is 
reached, and then crystallizes completely at that temperature. 
This particular mixture of diopside and aitorthite has the 
lowest possible freezing point, and is called the eutectic mix¬ 
ture of these two components. Observe that a eutectic mixture 
resembles a pure sub^ance in having a definite freezing point. 

The third point is easily verified by referring again to salt 
and water. It is well-known that when sea-water freezes, the 
ice that forms is entirely free from salt; on the other hand, that 
if concentrated brine is cooled down, it deposits pure salt at 
first. The solution that contains exactly 23'6 per cent of salt 
(the eutectic mixture) deposits ice and s^ simultaneously. A 
silicate melt behaves in a similar way, as the following table 
shows 

Mixtures of diopside and anorthUe. 

I 
MiMinrei wiia wtert 

them a% ef dtepMe. 

Diopaide eryataltUei 
4rst and conUnwe* to 
form tintQ (ho eutoctic 
tooipennn fiyn)' C.) 
I« rtodwd; toon dlop- 
tide and anorthite 
oyttaliM tofelhtr In 
eutoedc proportMna. 

II. 
ttiitur* ef SB parts 
dteptide, 42 parts 

anartkiu. 
Ttaio mixture ro- 

main* fluid imtU dio 
cuuctic temperature 
(U70* C.) la reached; 
then it ftvee cattail 
of both mJneralt in 
tba above proportion 
of 08 to 42. 

III. 
Uixtures with mote 

than 42% of amorthiU. 

Anorthite crystallixee 
llrtt end continues to 
fbrm uadi the eutoctic 
temperature (1270* C.) 
is reached; own anor. 
tbite and diopside 
cryetalUze together in 
eutectic proportion*. 

We may put these observations in the form of a rule of 
general application, as follows: Any mixture which contains 
one component in excess of the eutectic proportion will deposit 
that excess as it cools, until the remaining liquid has the 
eutectic composition, when the mixture will freeze as a whole. 
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The precise composition of the eutectic mixture of any two 
substances can only be found by experiment, but it is roughly 
true that the eutectic mixture holds more of the component of 
lower melting point, and the greater the difference between 
the melting points of the two components, the more of the 
more fusible component appears in the eutectic. 

It is much easier to demonstrate these relations graphically 
chan verbally. In Fig. 9 the composition of all possible mix¬ 
tures of diopside and anorthite is plotted on the base line, 
while temperature is recorded vertically. When the initial 
freezing points of various mixtures are inserted in the dia¬ 
gram, they are found to lie on two curves, which start from 

FlO. 9. TtM Wiwrj s^MMi dlofi«i<l»«aorthlta. (N. L. 
BowtA.) 

the melting points of the pure components and meet at die 
eutectic point, corresponding to the composition diopside 68, 
anorthite 43, and to the temperature 1370* C. This diagram 
therefore contains complete information about the crystalliza¬ 
tion of all possible mixtures of diopside and anorthite. 

Every extra component that is added to such a mixture 
(provided that it does not enter into chemical reaction or 
isomorphous substitution with (he orginal components) 
causes a further lowering of the freezing point, the new 
minimum corresponding to a ternary, quaternary, or higher 
eutectic mixture. Thus in the system silica-anorthit^wcJla^ 
tonite, which has been studied by G. A. Rankin (Fig. 10) 
there are three binary eutectics crystallizing at I486*, 1859", 
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aod 1299* C. respectively, and a ternary eutectic, composed of 
40 parts of anorthite, 83 oi wollastonite, and 28 of tridymke, 
which freezes at 1166* C. In the freezing of a ternary nix* 
ture, we may say loosely that the component which is in 
greatest excess, as compared with the composition of the 
ternary eutectic, will crystallize first; then the component 
which is next in excess, along with the former one; then the 
ternary eutectic of all three components. 

The graphical representation of the freezing of such a 
system becomes very difiicuh as the number of components 
increases. For a ternary system one uses a triangular diagram 
in which the percentage of each component is measured from 
100, at an apex of the triangle, to zero at the opposite side. 
Thus in Fig. 10 the point marked 1166* C. corresponds U> the 
composition anorthite 40, wollastonite 82, tridymite 28, which 
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is that of the ternary eutectic of these components. A point on 
one of the sides of (he triangle obviously represents a mixture 
containing only two of the components. The lines that join 
the ternary eutectic point to the three binary points cut the 
triangle up into three fields, one of which encloses all mixtures 
from which anorthite crystallizes first, another those from 
which wollastonite crystallizes first, and a third those from 
which silica crystallizes first. It is to be noted that the latter 
field is itself divided by a line which corresponds to the tern, 
perature of 1470* C. Mixtures which are very rich in silica 
begin their crystallization above 1470* C., so the silica crystal* 
lizes as cristobalite: when the temperature of crystallization Is 
below 1470* C., tridymite appears instead. The directions of 
falling temperature are indicated by arrows, the temperature 
(x>.ordinate being supposed to stand at right angles to the 
plane of (he paper. 

In short, fixjm a eutectic system of any number of com¬ 
ponents, (he course of rrys(allizatton will be ideally of the 
following type: — 

A; A+B; A + B + C; A+B + C + D; etc., 
always ending with a multiple eutectic of all (he components. 
Tlie eutectic relation only holds between substances 
which are not isomorphous—that is, which are not related to 
each other by ionic substitution. If two substances in 
mutual solution belong to an ionic substitution series, as 
albite and anorthite, or forstertte and fayalite, then the crystals 
formed at any temperature always hold some of each com¬ 
ponent—in feet the composition of the crystals may be only a 
little different from that of the liquid phase—and, furthermore, 
the composition of the first-formed crystals varies with that of 
(he liquid. 

The behaviour of such a system may be learned from 
Fig. 11, which is N. I.. Bowen's (3) well-known diagram for 
the plagioclase feldspars. There are two curves extending 
from the melting point of anorthite (1550* C.) to that of albite 
(1100* C.). The upper curve (called the liquidus) contains the 
initial freezing points of all possible liquid mixtures of albite 
and anorthite; and the lower curve (the solidus) expresses the 
composition of the feldspar crystals in equilibrium with these 
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liquids. From this diagram one learns, for example, that a melt 
of the composition Ab,An, begins to crystallize at 1490* C., 
and that the crystals formed at that temperature have the com¬ 
position Ab.,An„. Thus the remaining liquid is enriched 
with albite, and as cooling proceeds the composition of the 
liquid changes steadily, following the liquidus towards the 
albite end. The crystals meanwhile continue to grow. Under 
ideal conditions of cooling the crystals should react continu¬ 
ously with the liquid so as to remain always in equilibrium 

with it; that Is, the composition of the solid phase should 
follow the solidus while the liquid phase follows the liquidus, 
until the crystals have the composition Ab,An„ by which time 
all the liquid will have been us^ up. But if it should happen 
that crystallization is too rapid for the crysuls to adjust their 
composition in this way, then growth will take place by the 
addition of new layers of feldspar which are successively 
richer and richer in albite, ending up with almost pure albite. 
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The crystals will then exhibit the zonal structure with which 
every petrographer is familiar. 

In this type of crystallization there is no eutectic, and the 
lowest temperature that can be reached by the liquid is the 
melting point of the more fusible component—in the above 
case, albite. This is the commonest type of crystallization 
among such of the rock-forming minerals as have been 
studied experimentally. When isomorphism is not so com¬ 
plete as in tlte above instance, two distinct solid phases may 

Fm. 19. FltM diacran td tb« •jrtum: pUgiockM. 
(M. L. Arrow* Indie*!* diractioo* «( d«cr*Mlog 

tampunlur*. 

be formed in the system, one richer in component A, the other 
richer in component B; and between these two there may be a 
low-point somewhat similar to a eutectic point. This possi¬ 
bility is believed to be realized in the case of orthoeJase and 

albite. 
The important point to observe, in conneaion with ionic 

substitution systems, is that where there is no binary eutectic 
point there cannot be a ternary, a quaternary, or a multiple 
eutectic; and since the feldspars, the micas, the pyroxenes, 
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•ad most of the other imporiant rodt-formiog mioersls »re 
ionic substitution complexes, it follows ihst the crystalliza<» 
btt) ot a granitic magma cannot end with tJie formation of a 
“ granite eutectic," or a gabbro magma with a " gabbro 
•uteciic," os was at one time conjectured. In short, eruptive 
magmas are not simple eutectic systems. 

We may inquire next what happens when an additional 
component is added to an ionic substitution system to which 
it is not related. Fig. 12 represents the system diopside-albite- 
anorthite according to N. L. Bowen (8). There are only two 
fields, one from which diopside crystallites first and one from 
which a plagiodase of variable composition crystallizes first. 
Between these fields there is a boundary wlricli Bowen calls a 
reaction-curve, Vogt a oocectic line. 

From any melt whose composition throws it into tire 
plagiodase field, plagiodase will crystallite first until the com¬ 
position of the liquid reaches a point on the reaction curve 
(ootectic line); thereafter plagiodase and diopside will crystal* 
Use together, but all the time the plagiodase will be reacting 
with the liquid and changing its composition in the manner 
already explained in connection with the binary system. 
Crystallitation will end at a point which is not ^*d, as a 
eutectic point is fixed, but varies according to the initial com¬ 
position of the melt and the extent to which reaction takes 
place between feldspar and liquid. 

A still more complex case is presented by a system con¬ 
taining two pairs of isomorpkous compounds, such as albit^ 
anorihiie and diopside-hedenbergite (or simply plagiodase and 
pyroxene). A lucid account of the crystallization of this 
system has been given by W. Wahl. In Fig. 18 we may 
suppose A to represent dbite, B aaorthite, C diopside, D 
hedenbergne, these four points forming the comers of a 
tetrahedron. Then the point e, represents the eutectic diop- 
side-albite, e, the eutectic dioftfide^uiorthitc, while e, and e« 
are the eutectics hedenbergite-anorthite and hedenbergke- 
albitc. We have therefore in the system two binacy isomor- 
phous series, A-B (plagiodase) and C-D (pyroxene) ^ four 
binary eutectic systems, C-A, C-B, D-R, D-A, with the binary 
eutectic points e,, e,, ej, e«: four ternary systems with- the 
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cotectic curves e,e,» e,e,, e»c«, 646,; one quaternary ^stem with 
the cotectio surioce e,e,e,e«. 

A quaternary mixture represented by any point in the 
upper part o£ the figure will Nidify in such a way that mix* 
crystals AB (plagiodase) separate first.* The liquid will 
thereby be enriched with the components C and D until a 
point on the ootectic surface is reached. Now AB (plagkv 
clase) and CD (pyroxene) will begin to separate simultane¬ 
ously, and as cooling proceeds the crystals will react with the 

P(0. IS. SclMiallc oeulUtfliui'ditfrwa ot a 
auaiMBarv ajmeiB coatislini o( i«o pain ei 
uonMphMi aubatancaa wlia a cotacUe tur* 
lac* Mwaaa tbaai. (Afiar W. Wahl.) 

ExpUaatiea la tail. 

melt and adjust their composition continuously until the last of 
the liquid is used up. If the rate of cooling is too rapid to 
permit of complete reaction, then both kinds of crystals will be 

zonally built. 
Although there is no quaternary eutectic there will yet be 

a definite order of crystallization just as in a binary system, 
plagioclase crysuihzing first, followed by plagioclase and 
pyroacene. If the initial mixture had a composition repr^ 
sented by a point in the lower part of the figure the order of 
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crvstKlIiMtion would be Brst pyroxene, then pyroxene+plagio- 
daw. Furthermore, the behaviour of the solution on the 
cocectic surface depends on the shape of that surface, whijA 
may have a maximum or a minimum point or may be saddlo- 
ahued The problem is further complicated by the possi- 
bi^ that the extent of tonic substitution in one or both 
series may be limited, as in the case of ortboclase and albite; 
this might lead to die simultaneous crystallization of three 
different kinds of solid solution (as AB, BA, and CD) at the 

cotectic surface. 
The difference between crystallliation at a eutectic potnt 

and crystallization at a cotectic surface may be summarized as 

follows I— 
Buleeiie Point. Cottetk Surfiu*. 

(1) Crysullization lakes place (1) Crystallization takes place 
at constant tempera- ‘with falling tempera¬ 
ture. ture. 

(2) Crystallization gives a (2) Crystallization gives a 
mixture of consunt mixture of variable 
composition. composition. 

(8) The phases separating (3) The phases separating 
have a definite com- have a considerable 
position. range of composition. 

It will now be realized (hat the study of (he course of 
crystallization in a melt or magnu becomes enormously com¬ 
plicated when cotectic surfaces take the place of the compara¬ 
tively simple eutectic points. 

T. F. W. Barth has tried to establish the position of the 
cotectic surface for basalt in terms of the components albite, 
anorthite, diopside, hypersthene. Reasoning that basalts 
which show evidence of simultaneous crystallization of plagio 
clase and pyroxene throughout their cooling-history should lie 
on the cotectic surface, he has plotted the positions of nine 
such basalts in a tetrahedral diagram like (hat of Fig. 11 
(hypersthene taking the place of hedenbergite) and finds that 
they lie almost exactly in one plane. Since a plane is com¬ 
pletely defined by three co>ordinates, Barth finds it possible 
to define the position of the cotectic surface by means of the 
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following equation (in which ab sunds for albite, di for 

diopsidc, hy for hypersthcne); 

ay+a di'+2-3 h/-l28 

To apply this formula one must first calculate the norm 
of the rock, then recalculate ab, an, di, hy, to 100, which gives 
ab', an', hy*. If the sum of the three terms is greater than 
123 the basalt lies in the pyroxene field, if less, in the plagio- 

clase field. 
Anotlier kind of complication arises when two of the corn* 

ponents of a system are capable of reacting together as the 
temperature falls. Some of the rock>forming silicates show 
the phenomenon of tncongrveni msUing; tliat is, they decom¬ 
pose as they melt. Thus enstatite decomposes at its melting 
point into forsterite and silica (Bowen and Andersen); and 
orthoclase decomposes into leucite and silica (Morey and 
Bowen). Thus from a melt rich in the constituents of 
enstatite, olivine will generally crystallize first, and later, when 
the temperature has fallen sufficiently, it will reaa with the 
remaining liquid to form enstatite. Or from a melt rich in 
the constituents of orthoclase, leucite may crystallize first, 
afterwards reacting with the liquid to form orthoclase. But 
the reaction may be prevented, either by rapid cooling or by 
the separation of the early crystals from the residual liquid. 
We shall see in later chapters that all these possibilities are 
realized in rock magma. 

SiLtCATE Melts Containing Water 

The experimental study of silicate systems containing water 
presents great difficulty on account of the high pressure required 
to retain water in solution. The system H,O-K*Si0, -SiO»was 
studied by G. W. Morey (1, 2) in 1917. Although this system 
bears little resemblance to rock magma, some results of great 
importance to petrology and volcanism came out of the investi¬ 
gation. It was shown (1) that water vapour under atmospheric 
pressure is appreciably soluble tn liquid silicates at their melting 
points, and that the amount of water dissolved is sufficient to 
cause an appreciable lowering of the freezing point; that in 
the binary system H,0-SiO„ at the critical point of pure water, 
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(be amoimc of silica in both liquid and vapour phases is approxi¬ 
mately zero; (8) that a silicato magma containing only a small 
amount of water, cooled in such a manner that the water cannot 
escape, will develop very high pressure as crystallization ad¬ 
vances. 

R. W. Goranson (1) investigated the solubility of water in 
granite magma, with results which we have already sum¬ 
marized (p. 88). He also studied the binary systems albite 
—water and orthoclase—water, and found the maximum amount 
of water soluble in rocked albite to be in the neighbourhood of 
9 per cent at 900*. He discussed the pressure generated by the 
eooling and crystallization of albit^water melts, and showed 
that it might reach 4000 and perhaps even 6000 bars. He also 
demonstrated (8) that at 70U*, undW a vapour pressure of 960 
bars, the granite of Stone Mtn., Georgia, became completely 
liquid (except for a little hematite), the melt holding 6 6 per cent 
of water in solution. He calculated that the liquidus tempera- 
turn of the dry granite must be about 1060*±60*, but later 
corrected diis figure to "about 960*.*’ 
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CHAPTER VII 

THE FREEZING OF ROCK MAGMA 

When we (urn from artificial silicate melts to natural rock' 
ma^ma, the dtfficuUy of investigating tl>e course of crystaJlis*' 
(ion is enormously increased. In the first place, we can only 
fearn the chemical composition of the magma by inference from 
that of the rock or roclu to which it gave rise in cooling. But 
a statemerK of the chemical composition of the rock ignores the 
fogitive constituents which were tost during crystallisation, and 
it takes rvo account of other factors which may cause (he rock 
to dilTer in composition from the parent magoM. In lavas of 
Vesuvius, both the sinking of olivine and the flotation of leuette 
crystals have been demonstrated; thus a single body of rock 
may be enriched in one part with leucite crystals and in another 
part with crystals of olivine or augite. Specimens taken from 
different parts of this body of rock would differ considerably in 
chemtcai composition, and none of them would reproduce ac* 
curatcly the composition of the parent magma. 

Unpredictable changes in the composition of (ha magma 
may result from its reaction with wall rocks. We sow in 
chapter V that a certain amount of assimilation of ceuncry (wek 
has nirquestionabiy taken place in some magma chambers, aod 
that k must be expected wherever liquid magma has stood for 
a time in contact with solid rock of different composition. 
Reaction between the liquid and the solid will bring about an 
increase of some components and a decrease of others, In the 
marginal portion of the magma, thus the marginal rocks may 
differ widdy in chemical and mineral composition from the an* 
contaminated magma and rode. Large gains of lime and 
magnesia by acid magma have been demonstrated in the 
vicinky of limestone oontaers; also gains of alumina feom 
arglttaceoas sediments and of silica frwn sandstones. The traos- 
ferenoe of large quantities of silica from magma to Innesosfm is 

101 
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familiar to aJi students of contact mcuinorphism. Loss of 
alumina and alkalis from the magma is less obvious in the field, 
but it has been proved in many cases by chemical analysis of 

the contact rocks. 
Since rock exposures are often inadequate, and nearly 

always so in the vertical direction, it must often happen that 
the rocks which we sec in the field, and from which we deduce 
a magma of similar dieinical composition, arc in reality 
abnormal products, due either to local accumulation of ceruin 
crystals or else to local contamination of a magma by reaction 
with wall rock during its emplacement. To convince oneself 
of this, it is only necessary to think of the pyroxenites, the 
peridotiies, the lamprophyres, and certain feldspathoidal rocks 
such as ijolite and italite. We must accordingly agree that it 
is seldom safe to draw conclusions, from the chemical composi¬ 
tion of a given rock, as to the initial composition of the magma 

which gave rise to it. 
Our problem is complicated, not only by irregular changes 

of concentration, but also by unknown fluctuations of tempera¬ 
ture and pressure in the magma during crystallization. The 
cooling of a body of deep magma, enclosed in a chamber which 
has no outlet to the surface of the earth, is likely to proceed 
with great regularity. This is not true of magma which is 
brought suddenly into contact with cold rocks, or rushed 
quickly to the surface through a volcanic pipe or fissure. Under 
these conditions a period of alow cooling is followed by one of 
rapid cooling. This will generally give rise to a rock with 
porphyritic texture, or else crystallization may be so retarded 
by increasing viscosity that the magma congeals largely as a 
glass. But in the case of magma that is rushed quickly to the 
surboe, the expected fall of temperature may be preceded by a 
sharp, local rise of temperature, for which several causes sug¬ 
gest themselves. Most important of these is the combustion of 
hydrogen and other volcanic gases in conuct with air. T. A. 
Jaggar has shown that the temperature of the surface layer of 
the lava in the fire-pit at Kilauea may be raised two or three 
hundred degrees in this way. Another possibility of reheating 
may be seen in a sudden onset of crystallization, perhaps 
initiated by the loss of dissolved gases. This possibility is 
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illuminated by an experiment which was described by W. 
Gucrtler, a student in G. Tammann’s laboratory. A s^ium 
silicate glass (an undercooled liquid) was heated slowly to about 
650* C., whereupon crystallization set in with such vigour that 
the temperature of the mass was raised to 760* within live 
seconds. Still another possible source of heat deserves con* 
sideration. The viscosity of basaltic lava is of the order of a 
million times that of water (R. L. Nichols), so the ascent of 
lava, driven by tremendous gas pressure through tortuous, 
rubb]eid*filled channels, can hardly fail to give rise to some 
mechanically developed heat. L. H. Adams has expressed the 
opinion that “ordinary rock material, if extruded from a 
pressure corresponding to a depth of 20 kilometres, would heat 
itself up nearly 200* C. above its original temperature.” 

Since some of the processes that we have di-scussed would 
lead to local cooling of the magma, and others to local heating, 
there may be many departures from the expected course of 
crystallization, even in rocks of identical chemical composition. 
L^al reheating may bring about corrosion and destruction of 
early>formed crystals, a phenomenon often observed in lavas. 
Small fluctuations of temperature account for the interrupted 
and reversed zoning that is so common in plagioclase crystals. 
F. Homma has supposed that these crystals were alternately 
floated up by attached gas bubbles and allowed to sink when 
the bubbles became detached; thus the crystals may have 
wandered repeatedly through layers of lava of slightly difleront 
temperature and concentration, where they acquired .successive 
mantles of feldspar of appreciably different composition. 
Oscillatory crystallization of two different minerals, such as 
that illustrated in Fig. 14, may be explained on similar lines. 

Too rapid cooling may lead to the preservation of unstable 
phases. For example, a magma rich in magnesia and silica 
may yield olivine (forsterite) during an early stage of cooling. 
If it is then chilled quickly, the normal reaction of olivine with 
the siliceous magma to form pyroxene may be prevented. The 
resulting rock will then hold crysuls of olivine in a highly 
siliceous glass base, an unstable association which is only per> 
petuated by the extreme slowness of reaction between solids 
below their melting points. 
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Change of pressure probably bu Jktie effect upon the 
crystaUizatiosof rock ma^ma, as long as a gas phase is abseat. 
Most silicates are believed u> contract in freezing, so ibe trees* 
lag point should be raised by compression; but the elevation 
of (he freezing point of a silicate under compression was esti> 
mated by j. H. L. V<^t <1) ^ some 6* C. per 1000 
atmospheres; a r)uanuty scarcely large enough to have any 
important petrological consequences. Some petrogrephes’s 
maintain that under extremely high pressure, familiar minents 
such as augiie and plagioclatt must be repboed by q>ecitt of 

Fto. 14 UttiUi« errtub rndM- 
i>S tw« IWCMMIt* ^•TBtioW of 
MUnwai fnint aaS wOiildiS 
U a frouMlawM at macMtlia, 
■ntfillta aad favalka. (Aftar J. 

M. L Vast.) 

greater density such as garnet and jadeitc; thus a basaltic 
R^ma crystallizing at great depths in the earth-crust might 
give ri« to eclt^te (garaet-omphacite rock) instead of gabbro 
or norite. There is no compelling field evidence in favour of 
(his opinion. J. Johnston contrasted the influence of pressure 
and temperature upon physical equilibria in the following 
terms :~ 

(1) In systems without a vapour phase, a change of 
pressure of 1000 atmospheres will in general effect oo 
more than a change otf temperature of 10* C. 

(51) The effect of pressure upon viscosity and similar fac¬ 
tors is in genera! insignificant as compared with the 
effect of temperature. 
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(3) Solubility is affected only slightly by change of pres¬ 
sure, so slightly that the effect is negligible as com> 
pared with that of chaage of temperature. 

But if a body of magma rises to high levels in the crust, 
and especially if communication is established with the atmo^ 
phere, then the pressure may be lowered so far as to permit 
vesiculation (boiling) and rapid lose of gases, especially water. 
The effects that may follow the loss of gases from the magma 
have already been indicated. 

The Order of Crystaluzation in Eruptive Rocks 

If now, aware of all the complications and difficulties that 
we have discussed in the last few pages, we try to establish the 
order of crysCaJlizatJoo of a particular rock, we find that there 
are only three rules for our guidance, namely 

(1) When one crystal encloses another, the latter is of 
earlier formation; 

(2) The earlier crystals will generally be well shaped, the 
later ones leas so owing to their mutual interference; 

(8) When a rock contains both large and small crystals, it 
is to be presumed that the large crystals started to 
grow first. 

But straightforward as these rules seem, they are not 
wholly reliable, as the following observations show. In some 
of their experiments on synthetic lavas, Fouqu6 and Livy 
observed that leucite crystals were formed which held en¬ 
closures of glass, and that this glass subsequently crystallised 
and formed minute augite crystals within the leucite. J. 

Morozewicz (1) has described synthetic cordierite crystals with 
glass enclosures which, on continued heating, deposited mag¬ 
netite crystals within the host. In either of these cases, the 
application of rule 1 would lead to the wrong conclusion as to 
the order of crystallization. F. Walker has found olivine 
crystals enclosing smalt crystals of augite, and has shown that 
tbe augite is the younger of the two minerals, the magma 
having made its way along cracks in the olivine crystals and 
crystallized there as augite and feldspar. G. P. Merrill, too, 
observed augite growing along cracks In olivine crystals. 
Quite recently, F. Homma has identified plagioclase, augite 
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and magnetite that crystallired from occluded drops of magma 
within large crystals of plagioclase, in a Japanese andesite. 

N. L. Bowen points out that it depends entirely on the 
direction in which a rock-section happens to be cut, whether 
an enclosure seems to lie at the centre or near the margin of 
the host. An enclosed crystal may app^r in the centre of the 
section, yet it may have lain only just within the margin of the 
host. In such a case it is possible that the core of the host 
crystallized before the enckxKd crystal, and the mantle after¬ 
wards; thus the apparent order of crysullizaiion, as judged by 
enclosures, is really the order of completion of crystallization, 
not that of beginning of crystallization as it is usually held 

to be. 
The second rule is also doubtfully reliable, for some 

minerals, such as garnet and staurolite, arc able to form welt- 
^aped crystals even when they grow in a solid matrix; this is 
shown by the aj^jcarance of perfect crystals of these minerals 
in metamorphic rocks which have been recrystallized without 
melting. On the other hand, a mineral which lacks crystal out¬ 
lines was not necessarily formed at a late stage, for crystals of 
early formation, such as quartz and olivine crystals in certain 
lavas, are often partly resorbed at a later stage in the cooling 

process and so become rounded. 
As regards the third rule, when one constituent such as 

feldspar occurs in enormous crystals which are embedded in a 
finegrained crystalline matrix, one naturally concludes that 
the large cryst^s surted to grow long before the little ones. 
Vet feldspar crystals of the hugest size in granites and syenites 
are often full of minute enclosures of the other minerals right to 
the centre. The big leucite crystals in the lavas of the Eifel 
district of Germany ^tea enclose grains of every other mineral 
that is associated with them. In these cases the third rule and 
the first lead to different conclusions. 

It is such difficulties and contradictions as these that give 
force to J. H. L. Vogt’s remark that many of the petro- 
graphical contentions about the order of crystallisation in 
igneous rocks are partly questionable and partly wrong.” The 
contentions to which V<^ ukes exception are those that are 
embodied in the Rosenbusch Rule, according to which the 
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normal order of crystallization in eruptive rocks is as 
follows 

fl) Accessory minerals, such as zircon, xenotime, apatite, 
magnetite, chromite, sphene : or more generally those 
constituents which are present in smallest quantity; 

fS) Perromagnesian minerals, orthosilicates such as 
olivine preceding metasilicates, and ortho-pyroxene 
preceding clino-pyroxene; 

(8) Feldspars and other alkaline silicates, the lime feld¬ 
spars Erst i 

(4) Quartz, and any glassy residue. 
It must be said at once that the great petrographer whose name 
is associated with the rule was fully aware that his rule is one 
with many exceptions; the question before us is whether the 
exceptions are important enough to invalidate the rule. It will 
be seen that the very Erst section of the rule appears to con¬ 
tradict the laws of solution, for the components that are present 
in least amount ought to be among the last to crystallize. Rut 
when, in a granite, one sees minute crystals of zircon, xenotime 
or allanite enclosed in biotite, and little biotite scales enclosed 
in orthoclase, what conclusion can one draw except that the 
zircon crystallized Erst, (hen the biotite, and lastly the feld¬ 
spar? It is true (hat if the minerals had all crystallized at thf\ 
sam* lima, then the large and abundant feldspar crystals would 
be almost certain to enclose some of the smaller biotites and 
zircons; but then it is almost as unlikely that the minerals 
should all have crystallized at the same time as it is that zircon 
should have crystallized Erst. 

The strange contradiction now appears, that whenever the 
proportion of an accessory mineral such as zircon rises to a 
higher value than usual, then that mineral appears to have 
crystallized at a later stage than usual. So in a nepheline 
rock occurring at Mariupol, Russia, which contains about 8 
per cent of zircon, that mineral has enclosed albite and aegirtne. 
According to J. Morozewicz (3) the order of beginning of 
crystallization in this rock was albite, aegirine, zircon, 
nepheline; and the order of completion of crystallization was 
zircon, nepheline, agirine, albite. Late crystallization of 
zircon has also been noticed in the zircon-syenites of Norway. 

9 
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and the writer has obscrred H in a dyke rock in &uth West 
Africa; in each case the rock is unusually rich in airoon. 

Sphene, like aircon, is often present in more than the 
average quantity in some syenites and foyaites. A dyk^foyaitc 
in Assynt, Scotland, which was described by J. Horne and 
J. J. H. Teall, contains much sphene which has crystallized in 
skeleton plates, enclosing orthoclase, nepheline, and pyroxene. 
(Fig. 16.) Poikilitic sphene is abundantly present in the 

fit. IS. SkalMce crnUl U ISeiMdl welo*. Mt«mm (P), erunclM* Md MfMlfMi AmjpiM. 
ad. (Aft» J. J. H. TmB.) Mianiacailofl IS. 

•'melteigiie” of the Fen district, Norway (W. C. Brogger). 
and in the foyaite of Beemerville, New Jersey. 

Apatite also shows such anomalies, for plagioclase, horiv 
blende, augite and olivine have all been observed to be 
enclosed in apatite at one time or another. W. S. Bayley 
figures ^eleton crystals of apatite from a diabase in Minnesota, 
and P. A. Wagner has figured similar skeleton crystals from 
“blue ground” at Kimberley, in which apatite is one of the 
last minerals to crystallize. {Fig. 16.) 

The lime>iron garnet, melanite or andradite, is an acces. 
sory constituent of many syenitic rocks, and it frequently 
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crystallizes at a very lace stage. C. W. Drysdale mentions an 
augite syenite at Franklin, British Columbia, carrying melanite 
which has crystallized after biotile, hornblende and diopside. 
Still later crystallization of this mineral has occurred in Fin* 
land, where it follows nepheline (V. Hackmann); and the writer 
(1, 2) has described instances of very late formation of melanite 
in Scotland and in the Tran.<tvaal. {Fig. 17.) Similar obser* 
vations were made by W. C. Brbgger (1) In the Fen district, 
Norway. The relatively rare titanosilicates and zircono* 
silicates which appear in the role of accessory constituents In 
many soda*rich rocks are among the latest minerals to crystal* 

Fra. IS. SkalatoD ciytuto ol aiMtllt* (root kimber- 
lit«; KimUrMy. (After P. A. Wefner.) 

lize. In the foyaites and tinguaites of Pilansberg, Transvaal, 
the writer (8) has found eudialyte, astrophyllite, molengraaf- 
fite (lamprophylJite) and pectolite in the form of poikilitic 
plates which enclose every other mineral in these rocks. 

Even the oxides crystallize late at times. W. C. Brbgger 
(2) recorded the occurrence of nepheline in magnetite in 
Norway, and A. Streng showed that, in certain German dia* 
bases, magnetite had crysullized after plagioclase and olivine. 
Ilmenite sometimes encloses orthoclase; and even chromite, 
which, as a rule, precedes olivine, has been observed to be 
moulded on olivine crystals in the Island of Rum (A. Harker). 
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When we come to the second sectton of the Rosenbusch 
ruk, the exceptions are no less numerous. It has always been 
recognized that plagioclase b^ins to crystallize before augite 
in many dolerites and basalts. A. Streng's observations (9) 
on (he basalts of Giessen, Germany, illustrate this point very 
clearly. These rocks conuin plagiodase, augite and olivine, 
and the upper levels of the flows are partly glassy. In the 

Pie. 19. ItelMuto (bUca) with pjroxwa, Mphalla*. spatit*. iphwM 
etDcriiiiu. Tlw mtlknlw i* iaiaratitial to all eonaututiu axoapt 

esDcriokt. MasalSeati«o SO. SakuhwiilaAe, TraMvaal. 

more light coloured facies, there are crystals of plagio 
clase and olivine in a glassy base which reuins the augite; 
while in the darker facies the crystals ar; of augite and olivine, 
and it is the feldspar which is retained in the glass. 
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A. Marker showed that among the anorthite-olivine rocks 
in the island of Rum, Scotland, those varieties which hold 
much olivine show that mineral crystallizing first; the 
anorthit^rich varieties show anorthite CTTStallizIng first; and 
some rocks intermediate composition show the two minerals 
to have crystallized simultaneously. {Fig, 18.) 

It has lately been shown by N. L. Bowen and J. F. 
Schairer that whether olivine or pyroxene crystallizes first 
(from an anhydrous melt) depends upon the composition of the 
olivine. If the latter is a highly magnesian variety then it 
crystallizes before pyroxene; but if both minerals have a high 

Fvo. IS. OU«iM cry*ul» •adosinf aad ■onldad ucoa 
•fwrtfain; liUnd «r Rum. (After A. Hwk«r.) MifnHIca. 

tioa SO. 

content of iron then the pyroxene crystallizes first. Observa¬ 
tions made by H. G. Backlund and D. Malmquist among the 
basalts of Greenland are in agreement with the conclusions of 
Bowen and Schairer. 

With the third clause of the Rosenbusch rule, as far as it 
can be considered apart from the preceding ones, there is less 
fault to be found. The crystallization of lim^rich plagtoclase 
before soda-rich plagioclase is a necessary consequence of the 
course of the freezing curves (page 9S and Fig. 11). The 
earliest-formed plagioclase contains more anorthite than the 
liquid with which it is in contact, and subsequently reacts 
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wilh ihe liquid as already described. If reaction ukes 
place without interruption, the resulting crystals will either 
be homc^eneous or else ibeir composition will vary in a 
continuous manner from centre to margin. But many 
plagiocUse crystals exhibit an oscillatory succession of zones 
which are alternately more sodic and more calcic. The 
passage from one zone to the next may be either gradual or 
abrupt, and the course of crystalliiation has often been inter¬ 
rupted by periods of corrosion. F. Homma has furnished an 
exact study of a pUgioclase crystal from an andesitic lava of 
Japan, which shows fifty-one zones separated into five groups 
by corrosion surfaces. It is certain that such a crystal has 

had a very complex history. 
Many attempts have been made to explain oscillatory and 

reversed zoning in feldspars. In the case of the Rapakiwi 
granites of Sweden and Finland, where the large orthocla-se 
crysuls have mantles of oligoclase around them, it has been 
assumed that the oithocUse crystals, after growing to a certain 
site, sank, or by some other means came into a layer of magma 
in which the crystallization of plagioclase had not been conv 
pleted, and there received their mantles. 

A more probable explanation of this phenomenon has been 
given by H. H. Thomas and W. Campbell Smith, who have 
shown that in the granite of Trigastel, Brittany, the formation 
of mantles of oligoclase about the alkali-feldspar is a conse¬ 
quence of cross-assimilation between the granitic magma and a 
basic igneous rock which it invaded. The matter was dl^ 
cussed in chapter V. 

J. E. Hib^h described large plagioclase crysuls in basalts 
of the central Caucasus, which show a core of the composition 
Ab,An„ followed by a sharply defined outcf zone of which the 
innermost layer is Ab,An„ which in turn becomes more sodic 
towards the outside. Thus there is a reversal of the normal 
order in passing from core to mantle, but the usual order is 
followed in the successive zones of the mantle. Hibsch ex¬ 
plains this by supposing that the cores were formed in an 
andesitic magma which at a later stage was mixed up with a 
basaltic magma rich in anorthite; but such an explanation is 
simply a confession of ignorance as to what happened. Other 
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attempts to explain oscillatory zoning in feldspar depend upon 
fluctuations in the temperature of the magma or in the con> 
centration 'of fugitive constituents; upon a recurrent condition 
of supersaturation in the magma; or upon a lack of balance 
between the rate of diffusion and the rate of crystallization. 
The problem of zoned crystals has been discussed in terms of 
physical chemistry by J. Pltemistcr and by E. S. Hills. 

Between feldspars and feldspaihoids the relations are irre* 
gular. Sodalite is sometimes enclosed by orthoclase, some* 
limes interstitial to it, and again the two minerals may form 
micrographic intergrowths. This is also true of ncpheline. 
In the green foyaitc of Pilansberg, Transvaal, large insets oi 
green microclinc have crystallized before nepheline, while in 
the white foyaite of the same place the fddspar insets are 
full of little enclosures of nephdine and sodalite (S.].S.,3). 
Leuette sometimes crystallizes at a very early stage, for some 

the lavas of Vesuvius contain large crystals of leuette at 
the time when they are poured out of the volcano. Analcime, 
in the few rocks which contain it, is usually the very last 
mineral to form; yet the blairmoritc" of Canada, which 
holds over seventy per cent of analcime, has large crystals of 
that mineral set in a fine-grained groundmass consisting of 
smaller analcime crystals together with pyroxene, nepheline, 
orthoclase and melanite. Porphyritic lavas with insets of 
analcime have been described in Uto Highwood Mts. of 
Montana (Larsen and Buie). 

As regards quartz, the Rosenbusch rule is very often 
at fault. Apart from the fact that many rhyolites and 
pitchstones show crystals of quartz in a glass-ba«, we have 
evidence even from granites to show crystallization of quartz 
before feldspar, or at least before the completion of the 
feldspar period. A. Marker and J. E. Marr described a 
granite-porphyry at Wasdale Crag, Westmorland, in which 
the larger feldspars enclose perfectly formed quartz crystals 
rising to one-fifth of an inch in diameter. In die Rapakiwi 
granites of Sweden and Finland the quartz typically appears 
as perfect little bipyramids enclosed in feldspar. A. Lagorio, 
by examining the composition and order of crystallization of 
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m*ny rhyolites end porphyries, brought out the approximate 
rule that in rocks of moderate acidity (about 56 to 611 per cent) 
the glass base is more acid than the entire rock, while in very 
acid rocks the base is less add. In other words, quartz begins 
to crystallize early from highly siliceous rocks and late from 
those of moderate acidity. J. H. L. Vogt (2) confirmed this, and 
showed that the boundary lies at about 74 per cent of total 

silka. 

Conclusion. 

The only condusion we can draw from the foregoing di^ 
cussion is that there is no such thing as a consunt order of 
crystallization, applicable to all magmas or even to one magma 
under different physical conditions. The Rosenbusch rule has 
no theoretical or experimental justification, and even on the 
basis of observation it cannot be upheld. Yet the strange fset 
remains that the rule seems to be applicable to a large number 
of rocks. How can this be? 

The explanation lies partly in the matter that we discussed 
at the beginning of this chapter, namely, the inadequacy of 
the microscopic method of study. If little crysuls of mineral 
A are seen to be endoeed in larger crystals of mineral B, does 
that really demonstrate that the peri<^ of crystallization of A 
was earlier than that of B? It depends, as Bowen showed, 
on the position of the endosures within the host. If an en> 
closed grain lies at the centre of its host, then it is probably 
safe to say that the former crystallized first j but that con¬ 
clusion applies only to the grains aaually studied. It does 
not prove that all of A crystallized before all of B, for the same 
aoddeatal enckMure of one mineral within the other might 
happen during simultaneous crystallization of both minerals 
at a oocectic surface. Again, if an endoeed grain of A lies 
just within the margin of B, (ben it is possible that crystalliza¬ 
tion of A may only have begun as of B was finishing. 
Thus, in such a case as we hive pictured, where large crystals 
of an abundant mineral endose smaller crysuls of a less 
abundant one, the endoeed mineral may ^ve crysullizod 
entirely before the host mineral, or at the same time, or 
partly after it. And If the endoeed mineral was formed 
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citiier by exsolution, as albitc in micropenhite, liypersthene in 
clino>pyroxene, sphene in melanite; by inversion, as nepheline 
and orihoclase replacing leticite; or by the crystallisation of 
occluded drops of liquid, then it may lx wholly younger than 
its host. 

There is indeed good reason for thinking that such diverse 
minerals as plagioclase, augite, hornblende and biotite have 
often crystallised tU the same time in eruptive rocks. We saw 
that T. F. W. Barth has establislied (at least provisionally) the 
position of the ootectic surface for plagioclase and pyroxene in 
basalts. S. Tsuboi has made the curious discovery that in 
Japanese granites the refractive indices of biotite and horn* 
blende show a progressive increase as the albite content of the 
associated plagioclase increases. One can hardly avoid the 
conclusion (hatidl three minerals were growing in the magma 
at the same time. 

But r>ot all the discrepancies between theory and observa* 
tk>n can be ascribed to the inadequacy of the microscopic 
method of study. Some of them are undoubtedly to be 
explained by the action of residual solutions of magmatic 
origin, which bring about recrystallization and replacement of 
some of the early-formed minerals. This matter will be dis¬ 
cussed in cliapter X. These residual solutions are often rich 
in soda, and they can be shown to have reacted with plagio- 
clasc, replacing limi^cldspar by albite. It is highly prob¬ 
able that other sodic minerals such as egirine, soda- 
amphiboles, cancrinite, cudialyte and pectolite were intro¬ 
duced by residual solutions and that they crystallized in the 
interstices of a rock that was already almost completely 
solid, to some extent replacing the earlier minerals; that is, they 
did not crystallize in the magmatic stage at all but in the hydro- 
thermal stage. This may also be true of some of the lime 
minerals su^ as calcite, wollastonite, melanite, vesuvlanitc and 
even of some sphene and apatite. It is conspicuously true of 
tourmaline, which sometimes replaces feldspar coropletdy. The 
residual solutions seem to have a remarkable power of pene¬ 
trating minute openings sucli as cleavage planes and twinning 
planes, in which they may deposit crystals which are actually 
younger, although they appear to be older, than their host. 
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WhcD we make allowance for all these disturbing factors, 
we must conclude that microscopic study alone is not always 
a safe guide to the cooling history of a rock. On the other 
hand, the experimental study of anhydrous melts in the labors, 
lory may be almost equally misleading since the influence of 
water is excluded. This leaves us in a quandary from which the 
only way of escape is the realization that observation must go 
hand in hand with experiment if we are ever to understand the 
whole story of the genesis of an eruptive rock. The first step is 
to realize that the emplacement and consolidation of a large 
body of magma in the earth<rust is a highly complex process, 
involving repeated changes <rf pressure and temperature, acoom- 
panied by the loss of some con.«ituents to the wall-rock or the 
atmosphere and the gain of other constituents from the wall- 
rocks; that conditions of mixing are far from perfect, and that 
different parts of the same body of magma may in consequent 
follow different courses of development; that these partial 
magmas may be brought together again by lawr movements, 
and that at any stage in their cooling they may receive fresh 
increments of magma or magmatic solutions from below. 
Under such conditions as these there can be no permanent 
equilibrium in the system until it has cooled almost to atmos- 
pheric temperature. It is certain that no arbitrary rules of 
crystallization can ever cover such a complex history. 
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CHAPTER VIII 

COMPATIBLE AND INCOMPATIBLE PHASES 

It is a fsiniliar observation to petrographers that leucite, 
nephdine, olivine and a few other minerals are almost never 
found in rocks which conuin free quartz or tridymite. The 
implication b that the molecules of these minerals are unstable 
in the presence of free silicic acid, under such conditions as 
arc realized in rodt-magma, because they can combine with it 
to form higher silicates. The writer, in 1918, described such 
minerals as ansotaretaJ with silica, while those minerals which 
are capable of crystallizing from rock-magma even in the pi^ 
sence of an excess of silica were said to be saluted with re- 
gard to silica. A saturated mineral is not necessarily a silicate 
at all; even certain oxides, titanates, and phosphates are 
saturated in the above sense, since they are stable in the pre- 
sence of an excess of silica under magmatic conditions. 
Saturated minerals and quartz are compadble phases; un- 
SBiurated minerab are incompatible with quartz in a normal 
eruptive rock. The common saturated and unsaiurated 
minerals are named in the following lists:_ 

ScCwWkC 

All feldepari 
AD pynxena 
AU amphibolea 
AU fflicu 
Tounuatine 
Payalite (iron oliviae) 
Spesaartlte 
Almandme 
Sphcoe 
Zircon 
Topaz 
Magnetite 
Ilznwite 
Apatite 

CTKMtefwW 

Leucite 
Nepheline 
So^Iite, faaOyne, nosean 
Cancrinite 
Analctme 
Olivine (magnesian) 
Melanite (andradite) 
Pjrrtjpe 
Perovskite 
MelUite 
Conioduffl 
Cakite 

Spinel? 

Its 
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The experiinenuU studies of silicate melts which have been 
made in the course of the last twenty years have justified this 
grouping of the rock-forming minerals; and the actual tem¬ 
peratures at which certain of these minerals are suble or 
become unstable (in the crucible) have been determined. While 
it is of the greatest importance to have experimental confirma¬ 
tions of the petrographic evidence, one must always remember 
the differences between magma and dry melt which were 
pointed out in an earlier chapter. Some minerals form readily 
from dry melts; others require water for their generation. The 
presence of fugitive constituents in the magma affects every 
equilibrium temperature. Thus, from our point of view, it is 
the petrographic evidence that is of the foremost importance; 
the chemical evidence, in the present stage of investigation, is 
only confirmatory. In the following discussion we shall make 
u-se of both kinds of evidence. 

That quartz and magnesian olivine are incompatible in 
eruptive rocks is shown by a multitude of observations, of 
which only a few can be mentioned here. The following table 
shows the relation between silica content and mineralogical 
development in a series of basalts in the Eureka district of 
Nevada (A. Hague). 

Nimitt SiUn OtiVtM 
1. 49-33 Rich in macreacopic secretions 
3. 61-86 Rich in microscopic secretions 
S. 6743 Abundant, microscope 
4. 68-06 Easily recognised under microscope 
II. 68-36 Only a trace 
«. 68-60 None detected 
7. 68-64 Detected under the microscope 
6. 69 61 None detected 
3. 69 64 None detected 

10. 60-11 None detected 

G. W. Tyrrell has described a series of dolerite intrusions 
at Kilsyth, Scotland, which contain olivine when quartz is 
absent, but hypersthene in all cases where quartz is present. 

When a normally olivine-bearing rock makes contact with 
siliceous country rocks, it is often observed that reaction has 
taken place between them, leading to the disappearance of 
the divine. Sills of olivine dolerite at Nordingra, Sweden, 
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lose their oliTine end become quartz-bearing when they come 
into contact with sandstone or granite (A. G. Hdgbom). 
Olivine grains in the Palisade diabase of New Jersey develop 
mantles of enstatite near the sandstone walls of the intrusion 
{J. V. Lewis). Many examples of this reaction are furnish^ 
by A. Lacroix in his volume on the inclusions of volcanic 
rocks; quartzose enclosures in olivineJ»earing lavas have been 
partly assimilated by the lava, which in the neighbourhood of 
the endosures loses its olivine and develops pyroxene instead. 

A ceruin number of rocks undoubtedly carry both a little 
olivine and a little quartz. In some cases the explanation is 
that the quartz grains are of foreign origin, as in the instances 
just mentioned. Other well known examples are the “ quartz- 
basalts" which J. S. Oilier described from New Mexico. A 
recent re-examination of these rocks by R. H. Finch and C. A. 
Anderson has shown condusively that the quartz is a foreign 
substance. A more general explanation of this abnormal asso¬ 
ciation was supplied by N. L. Bowen and O. Andersen, who 
showed that in the crucible enstatite dissociates at 1657* C. into 
forsterite and silica; thus above the temperature of transformer 
lion olivine (forsterite) is compatible with free silica, but below 
that temperature it reacts with silica to form enstatite (ditto* 
enstatite in the laboratory experiments). From a mdt of the 
composition MgSiO. forsterite begins to crystallize at 1680* C. 
and continues to crystallize until the temperature falls to 
1657* C.; thereafter forsterite is resorbed and dino-enstatite 
crysullizes until the whole mass is solid. Now, such a temperar 
ture as 1557* C. is well above the normal range of the magma, 
but this temperature must be lowered by the presence of other 
components in the magma and especially by the presence of 
some iron in the olivine; so it is in the *'Bowen-Andersen 
effect ” that we may seek the explanation of the occasional coev 
junction of olivine and quartz in rocks. If the magma is 
coded rapidly after olivine has begun to crystallize, then the 
reaction between olivine and silica is prevented and we have a 
rock composed of a few crystals of olivine with or without other 
minerals embedded In a siliceous glass. Lavas of this char¬ 
acter have been described by H. S. Washington (1) at Monte 
Ferru, Sardinia, and by H. H. Robinson at San Francisco 
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Mountain, Arizona. A similar effect may be produced by the 
olivine crystals becoming enclosed in pyroxene and so pr^ 
vented from reacting with the siliceous residual magma; the 
latter, if It crystallizes completely, must then yield some quartz. 

A later investigation by Bowen and ]. P. Schairer (1) of 
the system MgO-FeO-SiO« has confirmed Bowen’s earlier oon* 
elusions and has furnished no support for the idea that ordU 
nary basaltic olivine can form in equilibrium with silica. 

As regards fayalite, or iron*olivine, the circumstances are 
different. Fayalite appears in association with quartz or 
tridymite in a number of lavas and even in some granites and 
syenites. li. S. Washington (2) described acid lavas from the 
island of Pantellena which contain a little fayalite, and the 
writer has found this mineral to be quite common in the quartz> 
trachytes of Kenya. Wager and Deer have shown that 
olivine containing more than 60 per cent of fayalite is stable 
in presence of quartz in the remarkable ^'ferrogabbro" of 
East Greenland. V. Sobolev has described pegmatitic quartz^ 
fayalite diabase in Siberia, which holds 6 per cent of an 
olivine containing 80 per cent of the fayalite molecule, along 
with 16 per cent of quartz. According to the field evidence, 
therefore, fayalite is not incompatible with quartz. This 
need not surprise us, since the pure compound FeSiOi is 
unknown in nature. Bowen and Schairer (1) were able to 
prepare pyroxenes containing as much as 87 per cent of this 
molecule, but they failed in the attempt to synthetize the pure 
compound. On the other hand, they demonstrated the exist* 
ence of a fayalite>tridymite eutectic at 1178' C. 

We see. (hen, that (he petrological evidence of the incom* 
patibility of magnesian olivine with free silica, and of the 
compatibility of fayalite, has been completely confirmed by 
experiment. All common olivine is magnesian and therefore 
unsaturated. 

Coming now to leucite, we find very few records 
of the association of leucite with quartz. In some 
of them the quartz is demonstrably of foreign origin. 
A. Lacroix described several occurrences of this nature. 
Thus the 'Meucitite niphdlinique” of Korretzberg, Rhenish 
Prussia, normally contains no feldspar, but where it 
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bolds quartzose enclosures it develops feldspars at the expense 
of its leucite and nepheline- Similar phenomena are described 
at Bertrich in the Eifel and at the Kaiserstuhl in Baden. In 
other cases, the material is the mysterious substance called 
“ pseudoleucite," and it proves nothin]? at all about the 
stability of fresh leucite. The remarkable “ leucite^ranite- 
porphyry ” which E. Hussak found at Serra de Caldas, Brazil, 
contains pseudo<rystals of sharp trapezohedral form, conw 
posed of orthoclase and nepheline with a little spinel and 
corundum, set in a finegrained base of granitic composition. 
Quartz is never found in the pseudo^rystals, or nepheline in 
the base, and a narrow mantle of orthoclase laths separates the 
core of each pseudo^rystal from the siliceous base. Hussak 
supposed that a granophyric magma bad invaded and broken 
up a leucite^Karing r^; but (he question requires further 
investigation in the field. 

Experiments made in the last decade of the 19th century 
by C. and G. Friedel, and afterwards repeated by E. Baur and 
by C. N. Fenner, showed that either leucite or orthoclase could 
be produced, from melts of suitable composition, by varying 
the proportion of silica. G. W> Morey and N. L. Bowen have 
since proved that leucite bears the same relation to orthoclase 
that (divine (forsterite) does to enstatite. Orthoclase heated to 
1170*C. dissociates into leucite and a siliceous liquid; oon> 
sequently leucite is compatible with free silica above 1170* C., 
but not below that temperature. It is therefore possible that 
leucite may crystallize at an early stage from some highly 
potassic magmas and afterwards be transformed into orthoclase; 
or, if (he rate of coding was rapid, some crystals of leucite 
might be preserved in a base of siliceous glass. Such a rock 
was discovered by W. Cross in Wyoming and named wyo> 
mingite. It consists of phlogopite, leucite, diopside and 
nosean with some interstitial glass. Chemical aiialyds of the 
rock shows that there is enough silica present to have con¬ 
verted all the leucite Into orthoclase if the conditions of cool¬ 
ing had been favourable. 

The systems nepheline-leudte-slica, anorthite-leucite- 
silka, and diopside-leudte-silica have now been worked out 
experimentally by J. F. Schairer and N. L. Bowen. The 
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equilibrium diagram for each of these systems shows that the 
leucite field is completely separated from the iridymite field by 
an orthoclase field; from which it follows conclusively chat 
leucite and quartz or tridymiie are incompatible under condi> 
tions of equilibrium. 

SiOa 

In the case of nepheline, we have again very few records 
of quartz and nepheline appearing in the same rock, and all of 
them are explained as the result of contamination of the 
magma. R. Heinrich describes some basaltic lavas containing 
both nepheline and olivine, which cut through granite near 
Roihau in Bohemia. Fragments of the granite which are 
enclosed in the basalt have been much corroded, and in their 
neighbourhood nepheline does not appear at all in the basalt, 

10 
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while the olivine grains have been attacked and converted 
partly or wholly into pyroxene. In other cases it is the quartz 
grains which are changed. Lacroix records a case in the 
Vosges Mts. where quartz grains enclosed in nephelinite have 
been converted into soda-zeolites. F. Cornu observed that 
fragments of granite enclosed in nepheline basalt at Salesl, 
Bohemia, have their quartz changed into apophyllite; this 
observation has been repeated by A. Schell at Teplitz. 

We have already seen (page 8S) that the nepheline rocks 
of Alno, Sweden; those of livaara, Finland; and some others 
have been acidified at their junctions with granite or gneiss, 
resulting in the non-appearance of nepheline in the contact 
rocks. The behaviour of the nepheline-rich pegmatites of the 
island of Seiland, Norway, is also significant. According to 
T. F. W. Barth these ne^eline-pegmatiies cut the peridotites 
ol the island, but are never found cutting the acid gneisses. 
All the p^matites in the gneiss are feldspathic. 

A single record of idiomorphic nepheline in a highly acid 
granophyre at Horns Nek, Transvaal, is mistaken. The 
mineral is oordierite, not nepheline (S. J. S., 3). 

From the experimental side we have the long-sunding evi¬ 
dence of Friedel, Baur, and Fenner that either albite or neph- 
eline may be produced at will by adding a larger or smaller 
quantity of silica to melts containing soda and alumina in the 
correct proportiona. Referring again to the work of Schairer 
and Bowen (also Bowen and ^hairer (3)), we find that in the 
system nepheline-albite-silica the albite field completely 
separates the fields of the other two phases, which are cons^ 
qucntly wholly incompatible under equilibrium conditions. 

Nepheline and leucite are not only incompatible with free 
silica, but they are incompatible with free magnesium meta¬ 
silicate. The magnesian pyroxenes enstatite, hypersthene, 
clino-enstatite and clino-hypei^ene, as well as the pigeonttic 
pyroxenes, are never found in rocks that contain feldspathoids, 
although magnesium orthosilicate (olivine) is very common in 
such rocks. This dearly indicates that the nepheline field and 
the enstatite fidd, in the system olivine-nepheline-silica, are 
separated from each other by the feldspar field; and that the 
same condition obtains in the system olivin^leucit^silica. Thus 
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we And plAgioclase^nstatite rocks, plagioclase^livine rocks, 
feldspathoid^Uvine rocks, but never feldspethoid-ensutite 
rocks. But if molecules of calcium meiasilicate are present the 
case is altered, for calcium meiasilicate combines with mag¬ 
nesium metasilicate to form the very stable compound diopside, 
CaMgSi,0«: under these circumstances any deficiency of 
silica in the magma falls upon the feldspar, because the 
orthosiiicate CaMgSiO, (which bears the same relation to 
diopside as olivine does to enstatitc) is rarely stable under mag¬ 
matic conditions. Thus, although the feldspathoids are in¬ 
compatible with enstatiie and the other magnesiar-rich pyro¬ 
xenes, they are quite compatible with diopside and augite. 

The remaining feldspathoids, sodalite, haiiyne, noacan and 
cancrinite are closely related in composition to nepheline and 
are nearly always associated with it in rocks. There is thero 
fore an initial probability that they will behave as nepheline 
does towards an excess of silica in the magma. There is little 
direct evidence of acidiAcation, but no lack of indirect evi¬ 
dence of the incompatibility of these minerals with quartz. So 
far as is known, none of them has ever been found in a quartz- 
bearing rock; their home Is among the nepheline syenites and 
phonolites. Analcime is in a different position, for some of it 
seems to be primary whereas other examples are deAnitely 
of secondary origin, occurring along with zeolites in Assures 
and vapour cavities. In the latter case the mineral may be 
associated with rock-crystal, amethyst or chalcedony, or it may 
occupy cavities in an add rock; but those occurrences of anal- 
cime which are considered to be magmatic are all in quartz- 
free rocks, most of which hold either olivine or nepheline. 

Melilite is oonAned to a very uncommon group of lavas in 
which olivine is nearly always present in abundance, and in 
which the silica content scarcely rises above Sff per cent. It is 
also well known as a constituent of very basic furnace slags. 
Melilite Is a very complex solid solution of rather uncertain 
composition, but one of the simple molecules composing it is 
akermanite, CatMgSUO,. This is one of the phases formed 
in the system CaO-MgO-SiO| which was studied experimenu 
aJly by J. B. Ferguson and H. E. Merwin. In this system 
the stability Aeld of akermanite does not touch the silica Aeld 
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at all, but is separated from it by the fields of diopside and 
pseudcKwollastonite. Another of the simple molecules that 
enter into raelillte is gehlenite, CaaAt>5iO,. This appears as 
one of the phases in the system limeiialumina-silica which was 
studied by G. A. Rankin and F. E. Wright. The stability 
field of gehlenite is separated from that of silica by the fields 
of woUastonite and anorthite. 

Perovskite is a very rare mineral in eruptive rocks; it is 
commonly associated with melilite and nephcline, but avoids 
the more ^licic rocks, in which its place is uken by sphene. 
It was shown by A. Bourgeois, more than fifty years ago, 
that sphene is formed in highly siliceous melts and perovskite 
in melts of low silica content. 

The lim^iron garnet, melanite or andradite, is only known 
in quartx^ree syenites and phonolites, and is probably due in 
every case to the assimilation of limestone by the magma; that 
is, it is a produa of desilication. The melanite syenite of 
Assynt, Scodand, occupies an intermediate place between a 
quans-syenite and a limestone, and melanite only appears 
when quarU has disappeared. (S. J. S., 8.) This matter is 
discuss^ at greater length in chapter XVI. 

The magnesian garnet, pyrope, is restricted to very basic 
rocks such as peridotites, pyroxenites and serpentines, which 
are generally free from feldspar. There is nothing in the 
known facts of distribution of either melanite or pyrope to 
suggest (hat these minerals are capable of forming in presence 
of an excess of silica. 

In the case of corundum, the common association is with 
plagkxUse (Transvaal; Ural Mts.), or nepheline (Canada; 
India), in quartz-free rocks. The imporunt corundum de¬ 
posits of the Transvaal are in plagioclase-biotite pegmatites, 
and A. L. Hall remarks that ** not a single example was 
observed where a corundiferous reef also carried quaru." It 
is possible, however, that at the very low temperature under 
which crystallization takes place in some p^matites, corundum 
and quartz may form a stable association, just as caldte and 
quartz do below SOO* C. Thus Adams and Barlow remark 
that in Ontario a small amount of quartz has sometimes been 
found in the corundiferous reefs; and Barlow sutes that in a 
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pegmatite in Colorado *‘the corundum seems to favour ass<v 
ciation with quartz.” But E. S. I^sen contends that these 
coarse corundum pegmatites are low-temperature hydrothermal 
products, and H. W. Tomlinson has described the production 
of corundum from plagioclase by the action of magmatic 
solutions. 

As regards spinel there is little evidence, but C. E. Tilley 
notes that in the garnet-gneisses of South Australia spinel is 
never found in contact with quartz, but is always separated 
from it by a shell of garnet or sillimanite. 

Calcite has been recc^nized as a constituent of nepheline- 
syenites in Ontario, Sweden, and elsewhere, and of quartz¬ 
bearing aplites at Cowganda, Canada. The reaction between 
calcite and silica has already been discussed (p. 57), and in the 
light of the experimental evidence it would seem to be correct 
to regard calcite as an unsaturated mineral above 500* C., and 
A saturated one below that temperature, under atmospheric 
pressure. 
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CHAPTER IX 

ERUPTIVE ROCK COMPLEXES 

Thb crystallization of a body of eruptive magma does not 
always yield a homogeneous ^dy of rock. Indeed, there are 
so many factors tending to oppose homogeneity that it is 
rather a matter for surprise that many large bodies of rock 
have nearly the same composition throughout. But other 
bodies are visibly complex, and even the most uniform-looking 
granite or gabbro will show a certain degree of variability 
when studied in detail. Many examples of lack of homo¬ 
geneity were discussed in Chapter V, where they were ascribed 
to reaction between the magma and its walls. There is no 
doubt that assimilation of country rocks is one of the most 
frequent causes of heterogeneity in eruptive rocks, but it is 

not the only cause. 
The variations of composition observed within bodies of 

eruptive rock are all too frequently referred to a mysterious 
process called “magmatic differentiation.” This doubly- 
unhappy expression implies that rock-magma has a capacity, 
not possessed by common liquids, for spontaneously changing 
its composition; and it carries the further implication that all 
the variations observed in rock masses are the result of a single 
process. Neither of these implications is correct. R^ 
magma is subject to the same laws as other solutions, and if a 
homogeneous magma gives a heterogeneous product it must be 
for reasons with which other solutions have made us familiar. 
In addition to the assimilation of country rocks, which we have 
already discussed, the following factors are capable of prrv 
ducing heterogeneity in bodies of eruptive rock; 

(1) Deniity stratification in the liquid msfma; 
The minKling of two or more magmss; 

I) Differential movement of crystals and residual liquid durlal 
crystallisation; 

[41 Varying concentration of the fugitive constituent: 
Pos^magmatic alteration and repbeetnent. (Dtteussion In 

([hafter X.) 
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(1) Dinsity Stratification w the Liquid Magna 
There are two ways in which a density«fradient may be 

set up in a body of liquid that has not befun to crysullize- 
One of them depends on the separation of immiscible liquid 
phases: the ocher is independent of that complication. The 
theory of immiscible liquid phases has always proved very 
atcractive to petroloffists who have observed the frequent asso¬ 
ciation of gabbro with granite or granophyre, and basalt with 
trachyte. Indeed, the spontaneous splitting of the magma into 
distinct liquid phases seems to have been the original idea 
underlying the use of the term magmatic differentiation. 

It is known chat certain organic liquids, such as phenol 
and nicotine, are completely miscible with water within a cer¬ 
tain range of temperature, but only partly miscible at higher 
or lower temperatures. Applying this idea to rock-magma, it 
has been supposed that with falling temperature the magma 
will tend to split into two liquids, the lighter of which will rise 
and float upon the heavier. After crystallization has taken 
place, it is supposed that we should then have a lighter rock, 
such as granite, resting upon a denser rock such as gabbro, 
with a sharp junction between them. Since two fluids of 
different oooipositioo would be unlikely to finish their crystal- 
liution at the same temperature, one of these rocks might 
even show an intrusive rdacion towards the other. 

This hypothesis is attractive in its simplicity, but it must 
be said that it is quite unsupported by experimenul evidence. 
Many silicate melts of composition very similar to that of erup¬ 
tive roclu have been studied in the laboratory and they have 
shown no tendency whatever towards immiscibility. A. S. 
Ginsberg and K. S. Nikogosyan melted diabase and granite 
together in various proportions and found them completely 
miscible. Certain mixtures of lime, magnesia and other 
oxides with an excess of silica, which were studied by J. W. 
Grdg, did indeed give immiscible liquid fractions at tempera¬ 
tures <p the neighbourhood of 1700* C.; but the composition 
of these melts is very different from that of any known erup¬ 
tive rock and the temperature much higher chan any recorded 
magmatic temperature. We seem justified in concluding, as 
Greig himself did, that his observations " do not offer sup- 
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port to the idea of differentiation by the splitting of a magma 
into two immiscible liquids." D. P. Grigoriev has demon¬ 
strated immiscibility in melts of silicates with fluorides, but 
these melts differ very greatly from natural magmas. 

N. L. Bowen (1) has strongly opposed the hypothesis of 
liquid immiscibility in natural rock-magma. He points out 
that the unmixing of two liquids takes place by the slow 
growth and coalescence of many small globules, and that one 
might reasonably expect these globules to have been preserved 
in some instances. It is most unlikely that all the globules 
would collect into a separate and distinct layer, leaving no 
evidence of their existence. If immiscibility were a common 
phenomenon in nature, such globules would be common in 
glassy lavas, but this is not so. In a single instance of a 
"globule-bearing" quartt-porphyry, described by J. L. 
Tanton, it was demonstrated by J. W. Greig that the sup¬ 
posed globules are actually spherulites formed by partial 
crystallization of an already solid lava. P. Levinson-Lessing 
described, as long ago as 1884, a glassy diabase at Jalguba in 
Karelia which contains globules (varioles) of acid glass. In 
1986 he again drew attention to this phenomenon, claiming 
that it illustrates unmixing in the liquid state. The variolitic 
rocks are associated with, and form a textural variety of, a 
body of normal diabase. Little grains and idiomorphtc 
crystals of pyroxene are scattered through both kinds of glass, 
but are more abundant in the basic kind. Apart from these 
the acid glass is shown to be equivalent In composition to 93 
parts of quartz, 76 parts of oligoclase, and 1 part of mag¬ 
netite; and the basic glass to 70 parts of bytownite, 94 parts 
of olivine, and 5 parts of magnetite. In short, the varioles 
arc of dacitic glass, the groundmass of olivine-basaltic glass. 
Since pyroxene crystals appear both in the varioles and in the 
groundmass, it is suggested that the splitting of the original 
magma into two immiscible liquids took place after the period 
of crystallization of pyroxene. 

This very remarkable occurrence is unique, and the evi¬ 
dence product certainly seems to justify Lessing's interpreta¬ 
tion ; yet doubts and questions present themselves. If unmix- 
ing was able to take place even in the rapidly cooled glassy 
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facies, why is there no indication of the same process or its 
results in the normal diabase? Lessing shows by chemical 
analysis that the diabase without varioles has exactly the same 
composition as the variolitic rock, from which it must follow 
that the former has not been affected at all by unmixing. 
This paradox must be resolved before Lessing's conclusion 
can be adopted. 

In spite of a complete lack of encouragement from expert* 
mental chemistry, not a few petrologists still invoke liquid 
immiscibility to explain their field observations. F. F. Grout 
(1) has us^ this hypothesis to elucidate the differentiation 
observed in the gabbro lopolith of Duluth, Minnesota. The 
lower part of this great intrusive body is strongly banded; its 
average composition is olivine-gabbro but individual bands 
range in composition from anorthosite to peridotite. The upper 
division is comparatively homogeneous, consisting of various 
facies of feldspathic gabbro. Between the lower and upper 
divisions, which differ slightly in age, there is a zone of " red 
tock,” and at the top of the upper division (here is another 
such zone. The red rock is an acid granite or granophyre, 
and the passage from gabbro to red rock is “somewhat 
abrupt," (be gray gabbro rapidly giving place to a bright red 
rock of totally different chatter. Grout ascribes the banded 
structure of the lower gabbro to the action of convection cur¬ 
rents in conjunction with crystal settling; but to explain the 
abrupt separation of granophyre from gabbro he suggests the 
splitting of the magma into immiscible fractions, of which one 
may have been " wet" or highly charged with water and the 
other relatively "dry" or anhydrous. 

On the island of Rodon, Sweden, H. von Eckermann has 
described a dyke six metres wide, cutting Rapakivi granite. 
This dyke shows a lateral gradation from diabase, in the 
middle ^ the dyke, through monzonite to a granite almost iden¬ 
tical with the enclosing Rapakivi. This is clearly not a case of 
successive intrusions of ba^c, intermediate and acid magmas. 
Von Eckermann conceives that the Rapakivi granite repre¬ 
sents the solidified top of a body oi magma which separated 
into an upper layer of acid magnu and a lower layer of basic 
magma; (hat a fissure opened through the granite and reached 
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down to the undeHying basic magma which was still fluid; 
and that basic magma rose in the Assure, but as it rose it was 
succeeded, without any interruption trf Row, by a further sup¬ 
ply of acid magma generated by the continued fractionation of 
the basic magma. 

It will be observed that in the first of these two illustra¬ 
tions there is an abrupt passage from gabbro to granite, but in 
the second there is a perfect gradation from diabUe to granite. 
It is an accommodating theory that can be used to explain two 
contradictory observations! 

But without the separation of immiscible liquid fractions, 
it is still possible that in a long vertical column of liquid the 
composition may vary progressively from top to bottom in 
consequence of the influence of pressure upon solubility; as 
the pressure increases steadily from lop to bottom of the 
column, the concentration should vary correspondingly. This 
phenomenon has been studied in the case of salt solutk>ns, but 
the effect is found to be small and there is no reason to sup¬ 
pose that it would be any more significant in a silicate magma 
than in any other solution. If it were, then it would be 
possible for partial magmas of slightly different composition 
to be withdrawn from different levels in the same reservoir. 

An unequal distribution of temperature might have a 
similar effect. Since the osmotic pressure of a dissolved sub¬ 
stance is proportional to the absolute temperature, a pressure 
gradient would be established between the hotter and the cooler 
parts of a body of magma, which would drive the less soluble 
molecules towards the cooler parts and increase the concentra* 
lion there. It has been shown that a difference of temperature 
of 100* C. may cause a difference of concentration of as much 
as seven per cent. But all processes involving molecular flow 
are excessively slow, and long before an appreciable difference 
in concentration could be produced it is likely that convection 
currents would have equalized the distribution of temperature 
throughout the magma. (But see W. Wahl, 1946.) 

It is important to observe that under the conditions dis¬ 
cussed in cither of the last two paragraphs the composition and 
the density of the magma would show a continuous variation. 
Now a rude stratification more or less in accordance with 
density is exhibited by many large eruptive masses, but the 
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varittion is seldom a 
continuous or reg:ular 
one. This point is 
convincingily illu^ 
treied by Fig. 20. 
which shows the 
variBiions of density 
and composition 
within the Lugar sill, 
in Ayrshire, accord, 
ing to G. W. Tyrrdl. 

W. H. Collins 
has recently revived 
the theory that a 
magma of interme¬ 
diate chemical com¬ 
position may give 
rise, by a spontane¬ 
ous change taking 
place in the magma 
itself while it is still 
wholly liquid, to a 

more acid magma of 
the composition of 
granite and a more 
basic magma of gab- 
broic composition. 
Collins finds support 
for this view in the 
geology of the fam- 
ous nickel - bearing 
intrusive at Sudbury, 
Ontario. As this in¬ 
trusion has been used 
to illustrate other 
theories of differentia¬ 
tion, a brief descriiM 
lion is necessary. 
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Th« Sudbury intrusion is a great curved sheet or lopolith, 
with a boat-like outcrop some 87 miles long and 17 miles wide. 
It is formed essentially of two kinds of rockt granophyre 
(or micropegmatite) above and gabbro (or norite) bwlow, 
the combined thickness amounting to about 1-6 miles. The 
former rock is mainly composed of feldspar and quartz, with 
only a small proportion of biotite, hornblende, and other dark 
minerals; the specific gravity of this rock may be as low as 
3-67. The gabbro contains plagioclasc, pyroxene (often altered 
to hornblende), biotite, and other minerals in minor propor¬ 
tions; its specific gravity rises from 3-7 to more than 3-9. The 
junction between the two kinds of rock is not always well ex¬ 
posed, which may be the reason why there has been much 
argument about its character. The earliest students of the 
area (T. L. Walker and A. P. Coleman) believed that there 
was a gradual transition from one rock to .the .other. T. C. 
Phemister (1) in 1936 made a careful study of tlie passage zone 
and found it to be very narrow, the maximum width 366 yards, 
the minimum almost nothing. From tills Phemister concluded 
that the gabbro and the micropcgmaiite were formed from 
separate magmas, the second following the first before it had 
completely solidified. After a fresh study of the evidence, 
Coleman, Moore and Walker reaffirmed in 1999 their opinion 
that (he norite and the micropegmatite were Nt(med from one 
body of magma which has undergone diffcrential^n in place, 
while still completely fluid. Collins (1934)\^nfirmed 
Phemister's observation of the narrowness of the passa^zone, 
but nevertheless continued to hold, with Walker and Coleman, 
that " The norite and micropegmatite were formed in place by 
gravitative separation from a single body of molten rock matter 
(magma) that was homogeneous when intruded,” and further 
that " separation of the two layers had been completed, or 
nearly completed, before crystallization began and must ther^ 
fore have taken place in the liquid state.” 

Except for the words ” gravitative separation *’ we are 
given no clear picture of the process involved. Nothing is 
said about immiscible liquid phases, and since Collins insists 
upon the presence of a transition zone between the two layers 
(he hypothesis of immiscibtlity would seem to be ruled out. 
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Vet it is shown that the variation in density and composition, 
from the top to the bottom of the sheet, is not of a continuous 
nature. Colins says “ther&is not a regular change in acidity 
and specific gravity across the irruptive. The SiO|, CaO, 
MgO and K«0 curves all show pronounced and characteristic 
changes across the transition zone, but only minor departures 
from uniformity within the norite and micropegmatite." Thus 
the type of differentiation favoured by Collins is a kind un¬ 
known to chemistry, for it is neither an abrupt separation of 
immiscible phases nor a gradual change of composition. The 
evidence advanced by Collins in support of his theory is not 
strong enough to destroy the conviction that rock magma is 
governed by the same laws os other liquids and cannot change 
its composition arbitrarily. 

in a later contribution to the subject (1935), T. L. Walker 
abandons the idea that the differentiation at Sudbury took place 
in a wholly liquid medium and tries to interpret it in terms of 
the sinking of heavy crystals from the magma during cooling. 
Bui Phemister in 1937 gave additional evidence in support 
of his claim that the acid member came into place slightly later 
than the basic one end that the intermediate zone has resulted 
from the " imperfect mixing of liquid acid member and partly 
solid basic member." 

A strong argument against differentiation having taken 
place in an entirely liquid magma was furnished by N. L. 
Bowen j it is the restrict^ range of chemical composition in the 
glassy rocks (which represent former liquids) compared with 
that in the crystalline rocks. There are no glassy rocks corr^ 
spending to anorthosite, pyroxenite, or dunite. 

9. Thk Mingling of Two or Mors Magmas 
We have seen that T. C. Phemister holds the transition 

zone at Sudbury to be a hybrid product formed by an acid 
magma following a basic one before the latter had ocoled com¬ 
pletely, and soaking into the basic one to some extent. 
Hybridism in this sense is just a special case of assimilation, 
the conditions assumed being those most favour^Ie to r^ 
action. An earlier theory of hybridism, which is associated, 
with the great name of Bunsen, attributed the variable com- 
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position of the Uv«s of Iceland to the intermingling of two 
primitive magmas, one of “feldspathic" and one of " pyr^ 
xenic” composition. The products of this commingling of 
magmas were called hybrid rocks by J. Durocher in 1857. The 
terms hybrid and hybridism have since been used in a double 
sense to cover both the intermingling of two liquids and also 
the contamination of liquid magma by reaction with its walls. 
Since we already have an adequate number of synonyms for 
contamination, it would be a gain if hybridism could be re¬ 
stricted to its original meaning; but perhaps it is too late to 

do this now. 
A. Marker (1, 2) described several insunces, in the island 

of Skye, of the injection of acid magma into basic rock while 
the latter was still hot. He says *‘the nature o( the mutual 
reactions which have taken place among the several rocks in- 
dicates that they were intruded in somewhat rapid succession, 
and even in ceruin places that one was twt completely solidi¬ 
fied before it was invaded by another.” This is nearly, though 
not quite, the hybridism of Bunsen and Durocher. H. H. 
Read has described a remarkable development of hybrid rocks 
in the counties of Sutherland and Ross, in the north of 
Scotland. They form small, elongated bosses in a country of 
granites and add schists. At least two hundred of these 
bosses have been mapped and the average size is 900 by 60 
yards. The rocks are very variable in appearance and com¬ 
position, ranging from light-coloured granitic types to dark 
rocks made up of olivine, pyroxene, hornblende and biotite in 
various proportions. Whatever the nature of the dark 
minerals, the feldspars are always orthoclase and oligoclase. 
The commonest type of rock is intermediate between the light 
and dark extremes, and Read daims (hat these intermediate 
rocks have been formed by “a fairly complete mixing of 
granitic and ultra-basic magmas,” followed in many cases by 
breedation of the intermediate and basic hybrids and their 
envelopment in later acid and intermediate magma. 

That the rocks described by Read are hybrids can hardly 
be doubted, but it is less ceitain that they were formed by the 
mixing of two magmas. It seems likely that the contamination 
of an acid magma by assimilation of a solid basic rock, coupled 
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with the infiltration of granitic matter into the latter, might 
account for all the phenomena observed in the region. If so, 
these phenomena belong to assimilation rather than to 
hybridism in the older sense. 

D. I-. Reynolds has described the production of augite- 
biotite-diorite by reaction between a biotite-pyroxcniie magma 
and a plagioclase magma, near Newry, Ireland. Every grada¬ 
tion is observed between biotite-pyroxcnite, the same rock con¬ 
taining small pockets of andesine, and augitc-biotite-diorite. 
It is claimed that the latter rock has resulted “ from the per¬ 
meation of the ultra-basic rock, at least after partial aystalliea- 
•tion,” by a plagioclase magma composed almost entirely of 
andesine. The writer, having studied the evidence in the field, 
finds himself unconvinced of the reality of the " plagioclase 
magma ” and of the mixing of two magmas. He agrees that 
the dioritic rock is a hybrid in the newer sense of the term, 
but he tliinks the facts are capable of explanation in terms trf 
reaction between the magma of the Newry granodiorite (which 
envelops the contaminated rocks) and solid magnesian rocks. 

F. Homma has described an abnormal lava from one of 
the Unzen volcanoes in Kyushu, Japan, which has insets of 
olivine and a plagioclase with reversed zoning (see p. U2), 
also some altered hornblende, biotite with rcaction-rims, and 
grains of corroded quartz. Homma deduces from his mic^ 
soopic study of the rock that an divine-basalt magma was in¬ 
jected into a basin containing a hornblende-dacite magma after 

• the latter had begun to crystallize, and that the abnormal lava 
is a hybrid. This interpretation may be correct, but it d<» 
not help us to understand how a magma with an excess of silica 
came into existence side by side with another magma deficient 

in silica. 
E. S. Larsen and colleagues have been led, by a detailed 

study of the lavas of the San Juan region, Colorado, to Ute 
conviction that there must have been “a thorough mixing of 
very large masses of magma" in that region. Rhyolitic and 
basaltic lavas or andesitic lavas are associated in an intimate 
and erratic manner, basaltic horizons being interlaycred with 
nearly all the rhyolites and rhyolitic horizons with some of the 
andesites. Thus acid and basic lavas must have been erupted 

It 
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io quick succession from the same vents or from vents very 
cJoae together. Study of the larger feldspar crystals in these 
lavas has led to the conclusion that many of them did not grow 
in the environment in which they are now found; thus zoned 
plagioclase crystals with highly calcic cores are found in the 
rhyolitic lavas and others with dominantly sodic cores in the 
basaltic lavas. It is thought that some of these crystals may 
have settled down or floated up from one layer of magma to 
another, but most of them are believed to have reached their 
present environment in consequence of the mixing of two 
partly crystallized magmas. Nevertheless, reaction between 
liquid lava and solid lava or other solid rocks remains a 
possible alternative. 

To summarize: it seems to the writer that evidence of the 
mixing of two completely or even partly fluid magmas is almost 
as unconvincing as evidence of unmixing was found to be. 
If silicate liquids are not immiscible then, of course, they must 
be capable of mixing, but before they can mix they must 
occupy the same space at the same time. It is known that 
certain volcanoes have emitted basalt at one time and rhyolite 
or trachyte at another, but not both at the same time. It is 
perhaps conceivable that under deep^ated conditions a basic 
intrusive mass might be succeeded by an acid one while the 
former was still hot, as Harker supposed in Skye and 
Phemister at Sudbury; under these conditions a limited 
amount of intermingling might indeed take place; but the 
writer is of opinion that most cases of the supposed inter¬ 
mingling of liquids are really cases of interaction between 
liquid and solid. 

8. DirfiRENTiAL Movement of Crystals and Mother- 

Liquor 

A liquid rock-magma has no sharp freezing-point, but it 
has a long freezing interval, crystallization beginning perhaps 
in the neighbourhood of 900* C. and continuing down to 
500* C. or thereabouts. Between these temperatures the 
magma is a " mush " of liquid and crystals. In the upper part 
of the temperature range there are few crystals in a large 
volume of liquid; in the lower part of the range there is a net- 
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work of interlocking crystals with a little residual liquid in 
their interstices. It has been said with reason that “a mass 
of this composite nature will have some peculiar physical pro¬ 
perties, unlike those either of a crystalline body or of a liquid *' 
(A. Marker). ^ 

It is obvious that any agency by which the early-formed 
crystals can be segregated in one part of the niagmaH:hamber 
will bring about a high degree of differentiation in the result¬ 
ing rocks. Such an agency may be gravitation. The crystals 
of earliest formation in most rocks belong to comparatively 
dense minerals like olivine, pyroxene, or a time-rich plagio- 
clase 5 and if these crystals sink to the bottom of the magma- 
chamber they will give rise there to a body of rock which will 
differ greatly in composition from that formed at higher levels 
by the crystallization of the residual magma. A similar effect 
will be produced if the early crystals are lighter than the 
magma and tend to rise to the top; and the most pronounced 
difference will result if some crystals tend to rise and others to 
sink. N. L. Bowen (d) has actually demon.<arated the sinking 
of olivine crystals, and in another instance the rising of tridy- 
mite crystals, in a few cubic centimetres of liquid in a crucible. 
W. E. Tfommsdorff has pointed out that If there is differential 
movement of tht.s nature in a body of crystallizing lava, it 
should be possible in favourable cases to detect it under the 
microscope by observing stream-lines in the ground mass sur¬ 
rounding the moving crystals. In Fig. S2 (A) the stream¬ 
lines indicated by the micrdiths in the groundmass show 
clearly that both the large plagioclase and the Urge augite 
crystals were sinking through the magma just before it 
congealed. In Fig. 22 (B) the upward movement of a large 
leucite crystal is indicated. 

Other agents besides gravitation are capable of setting up 
differential movement of crystals and liquid. A. Marker (8) 
indicated the effect of crustd stress upon the spongy mixture 
of crystals and liquid; he claims that the crystalline network 
may yield to deformation and the interstitial liquid may be 
squeezed out of the meshes '* as water is squeezed from a 
sponge." Since the early-formed crystals and the residual 
liquid must differ widely in composition, this process may in- 
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deed be one of the most effective agents in rock differentiation. 
N. L. Bowen (3) has given some consideration to the possibility 
of the *' squeezing out *’ of residual magma, in connection with 
the genesis of alkaline rocks. Both Bowen and A. C. Waters 
have recorded a straining or filtering effea where magma con* 
uining crystals has been injected into narrow fissures. R. Balk 
has pictured a similar process, on a vastly larger scale, in the 
Adirondack Mts. 

FiO. SS. no«4iiM in lb* irownd nM of (A) a imcbrie, (B) a tancitn- 
baaaniia, dMaonatraiiag Um tacilio< of aagita and ptegiecUM emtate (in A) 
and IM itoMittanaoua MlUiog at aa^ca and rialog «f lauciw crTstalt (to B). 

(W. F.. Tremaaadarll.) 

The escape of dissolved gases may be another cause of dtf* 
ferential movement within the magma. R. A. Daly has 
pointed out that the formation of bubbles must lend buoyancy 
to the magma, and that local vesiculation would alnnost cer¬ 
tainly set up convection currents. He describes this process as 
"two-phase convection." So tong as the magma is wholly 
fluid, it is not dear that any marked chemical or mineralogical 
differentiation could arise in consequence of two-phase convec¬ 
tion; but in a mush of crystals and liquid some effect is cer- 
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tainly to be expected. The crystAls may be swept aside by the 
currents, just as logs are swept into the backwaters of a flood¬ 
ing river, with the result that some parts of the rock will be 
highly porphyritic and other parts not. In the case of magma 
that reaches the surface, one lava flow may be full of large 
feldspar crystals and another almost free from them. 

The remarkable layered structure of the gabbro in the 
Skaergaard intrusion, East Greenland, is supposed to have 
been brought about by convection currents due to cooling, in 
a magma which contained a proportion of early-formed 
crystals. It is thought that differences of density among the 
crystals, and variation in the velocity of the currents, may 
have had a "winnowing" effect upon the crystals. (Wager 
and Deer.) 

Another possibility that deserves consideration is that 
bubbles of gas may attach themselves to the growing crystals 
and float them upwards. This explanation presented itself to 
the writer (1) in connection with a lava-flow at Kijabe, Kenya, 
which is both vesicular and exceptionally rich in large insets 
of plagioclase. It is admitted that it might be difficult or im¬ 
possible to distinguish between the effect of gas-flotation and 
that due to twophase convection or simple gravity flotation. 

There is still a third possibility to be taken into account. 
The vapour-pressure of the dissolved gases of the magma must 
be greatest when there is only a small residue of liquid left in 
a large mass of crystals. At this stage boiling may set in, 
and there may be an active expulsion of the residual liquid 
from the interstices of the crystal network by means of streams 
of gas bubbles rushing towards a vent in the roof of the 
magma-chamber. This is something different from two-phase 
convection, for it depends on the passage of expanding bubbles 
of gas through a multitude of narrow openings in a network 
of crystals, driving or blowing the residual liquid along with 
them. This process has been described as " gas streaming," 
and the writer (3) has used it to explain the occasional expul¬ 
sion of trachytic or phonolitic lavas from volcanoes that nor¬ 
mally yield only basalt, as in Mauritius and St. Helena. 

We see that gravity, earth-pressure, convection currents, 
and escaping gases are all competent to bring about some 



m EBUPTIVE ROCKS 

d«gree of separation of the residual liquor from the ciystalline 
portion of a body of partly solidih^ magma. Now this 
residual liquor, in the case of the more feldspathic magmas at 
least, is always rich in alkalis, and N. L. Bowen (4) has proved 
that many phonolitcs, trachytes and rhyolites actually have a 
composition which places them in the lowest-melting region of 
the systein NaAISiO,—KAlSiO,—SiO, (nepheline, kalio- 
philite, silica). Consequently Bowen makes the claim that 
" the process exerting the dominant control over the composi¬ 
tion of liquids in these lavas has been fractional crystalliza¬ 
tion,” that is, separation of the crystals from the residual 
liquor. 

From the discussion of possibilities we pass to actual 
examples of crystal fractionation that have been demonstrated 
in the field. 

Charles Darwin noticed the accumulation of plagioclase 
crystals towards the bottom of a sooriaceous lava-flow on James 
Island in the Galapagos group. He attributed the pheno. 
menon to the action of gravity, recalling a similar observation 
made by L. Von Buch on Teneriffc; and he stressed the im¬ 
portance of the phenomenon as “ throwing light on the separa¬ 
tion of the trachytic and basaltic series of lavas.” Another 
instance of the same kind is described by L. L. Fermor among 
the basalts of the Deccan, India. A eliickness of over 1200 
feet of these lavas was intersected in a borehole, and Fermor 
shows that most of the flows carry insets of labradorite from a 
quarter to half an Inch in diameter. The insets are generally 
absent from the upper parts of the successive flows, present in 
moderate quantity in the middle and abundant in the lower 
parts. H. T. Stearns (1) has described a thick lava flow on the 
i^and of Oahu, Hawaii, which contains crystals of transparent 
feldspar half an inch across. These are so densely concen- 
trat^ near the bese of the flow as to form a nearly pure feldspar 

In all these cases we observe that crystals of plagioclase 
seem to have been denser than the parent basalt. But In the 
basalt of Kijabe, Kenya, to which reference has just been 
made, large crystals of plagioclase (labradorite) have accumu¬ 
lated at the top of the lava-flow. If the normal tendency of the 
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early crys^s of plagioclase in feldspathic basalts is to sink, 
then it follows that some other agency such as gas*floution 
or Cwophase convection must have operated at Kijabe. 
Among deep-seated rocks there is a good deal of held evidence 
which indicates that the normal tendency of plagioclase crystals 
in basic magmas is to rise. N. H. Winchell considered that 
the bodies ^ anorthosite which are developed in connection 
with the Ehiluth gabbro of Minnesou were formed by the up¬ 
ward accumulation of labradorite crystals from the gabbro 
magma. F. F. Grout (2) has explained the genesis of small 
bodies of anorthosite at Pigeon P<Mnt, Minnesota, in the same 
way. 

Although the minerals of early crystallization are most 
commonly the denser ones, such as olivine and augite or 
hyperstbene, there is one conspicuously light mineral that 
often crystallizes at an early stage, namely, leucite. W. E. 
Tromm^orS has been able to demonstrate under tlie micro¬ 
scope that the larger leucite crystals in a leucit^basanite of 
Vesuvius were actually rising through the lava at the same 
time that the augite crystals were sinking. (Fig. 22, B). It is 
likely that the remarkable rock that H. S. Washington named 
"italite,” and which oonuins ninety per cent of leucite, is 
simply a portion of a lava-flow which has been specially 
enriched with leucite crystals by gravity flotation. 

The sinking of augite crysttds has often been recorded, for 
instance by Darwin in the Galapagos Islands and by King in 
Hawaii. J. P. Iddings described a sheet of diabase at Electric 
Peak, Yellowstone National Park, in which a layer of the 
sheet four or live feet thick near the bottom ■contact is full of 
large porphyritical augites.” The upper contact, it is interest, 
ing to note, carries small insets of feldspar. R. E. Fuller has 
described the gravitational accumulation of olivine during the 
advance of basalt flows in south-.eastern Oregon, and claims 
that “the grains accumulated in a manner analogous to the 
deposition of sand at the delta of a river.’’ H. T. Stearns (2) 
has given some remarkable illustrations of the settling of 
olivine and pyroxene in lavas of Samot. 

Perhaps the most convincing example that has yet been 
investigate of the sinking of heavy crysuds through a magma, 
was described by F. Walker in the Shiant isles in the west 
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a cl(^ approach to the ideal. Walker has demonstrated 
that there IS a continuous increase in specific gravity, with a 

»ncr^ in the .concentration of divine, from 

dJdnir ^ i" ‘ oon. vincing manner by the two graphs in Fig. 23. 

settlil^^ofhpresents evidence of the 
pyroxene. In this case almost the 

w^le of the ohvine is concentrated in a single level — the 

WalkeT"**'"”^ 'o'‘owing table were furnished by 
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However tKe details of the process may vary, one seems 
compelled to admit that differential movement of crystals and 
magma has been one of the most potent causes of differentia¬ 
tion in many eruptive masses. 

4. Varying Concentration of the Fugitive CoNsnruBNTs 

If a body of magma contained in a closed reservoir cools 
and eventually crystallizes from the margin inwards, then as 
crystallization progresses the concentration of the fugitive con¬ 
stituents must show a continuous increase in the still fluid 
central portion. In consequence of this change in concentra¬ 
tion it is likely that the central rock, after crystallization is 
complete, will show an appreciable difference, not only in tex¬ 
ture but also in composition, from the marginal facies. A 
magma of basaltic composition, for instance, might give rise 
to a marginal facies containing pyrogeneiic minerals such as 
augite and olivine, whereas in the central facies hydatogenetic 
minerals such as hornblende and biotite would ^ favoured. 
This type of differentiation would affect phases more than com¬ 
ponents, at least in the earlier stages; but we might expect to 
find some concentration of the more soluble components of the 
magma, especially the alkalies, in the central facies. The 
process pictured here is in fact an earlier stage of the process 
which ultimately gives rise to pegmatite veins. 

Mount Girnar, in the state of Kathiawar, India, is one of 
those remarkable intrusive bodies built up of concentric rings 
of different kinds of rock, of wHich many examples have been 
described in the last thirty years. Beneath a cover of basalt 
which has been partly removed by erosion, there is a central 
mass of dtoritic or monzonilic character, composed of andesine, 
orchoclase, green pyroxene, hornblende and biotite in various 
proportions. Round about the central mass is a body of 
olivine-gabbro containing labradorite, olivine and augite, with 
only minor amounts of biotite, hypersthene and orthoeJase. 
Beyond the gabbro there is a nearly complete ring of grano- 
phyre which is younger than the other rocks and cuts the 
basalt rover. 

According to the interpretation put forward by K. K. 
Mathur, V. S. Dubey and N. L. Sharma, the olivine-gabbro 
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crysuHized first and the residual magma, enriched with fugi- 
live constituents, was concentrated towards the bottom and 
centre of the reservoir. Here the reaction principle came into 
operation and olivine was entirely replaced, and augite largely 
so, by hornblende and biotite; a more sc^tc plagioclase was 
formed, and the proportion of orthoclase was greater, giving 
diorite and monzonite instead of gabbro. The facts described 
by Mathur, Dubey and Sharma are consistent with the view 
that variation in the concentration of the fugitive constituents 
(water and alkalis) was the main cause of differentiation among 
the rocks of Mount Girnar. 

Another rock complex to which this explanation may be 
applicable is Sbonkin Sag, in Monuna. This is a laccolith 
composed of several kinds of rock with a rudely concentric 
arrangement. The marginal facies was described by W. H. 
Weed and L. V. Pirsson as leucitobasalt porphyryj it is a 
compact porphyritic rock which must have cooled quite 
rapi^y. Within this chilled skin the bulk of the magma cry¬ 
stallized as a medium-grained shonkinite, a type of syenite 
relatively rich in dark minerals; and within that again there 
is a comparatively small core of more normal syenite. The 
shonkinite contains some 60 per cent of augite, olivine, biotite 
and apatite in a matrix of potash-feldspar. The .syenite bolds 
about 90 per cent of augite and biotite, with 40 of potash-feld¬ 
spar and 80 of zeolites. 

The original description of this remarkable complex by 
Weed and Pirsson has been supplemented quite recently by 
J. D. Barksdale; and even more thoroughly by C. S. Hurlbut, 
who explains the observed differentiation in terms of sinking 
of the heavy minerals combined with floution of the early 
formed leucite crystals. There can be no doubt that crystal 
settling is responsible for the variation in the concentration 
of the heavy minerals, but h remains to find an explanation of 
the unusual degree of zeolitization in the rocks at the centre 
of the complex. It is clear that the magma, which formed a 
lens not more than 360 feet thick in the middle, was chilled 
very rapidly at first. The chilled phase at the roof and floor 
of the laccolith is 13 to 16 feet thick. As cooling and crystal¬ 
lization proceeded from the margin inwards, there would be a 
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tendency for the rendual mugim, enriched with fugitive con> 
stituents which were prevented by the chilled phase from 
escaping outwards, to be concentrated in the middle of the 
laccolith. That there was such a concentration of fugitive con¬ 
stituents Is indicated, not only by the abundance ^ zeolites, 
but also by the increasingly coarse grain of the later syenitic 
rocks, and the change in the character of the dark minerals 
from augite and olivine in the chilled margin to augite and 
bknite in the shookinite, to a more or less sodic pyroxene in 
the syenite, and to legirine and soda-amphibolcs in the peg- 
matitic pha«. These reactions may have begun In the magma, 
but in part they are post-magmatic. 

U must now be abundantly dear that the variations of 
mineralogical and chemical composition within bodies of erup¬ 
tive rock are due to many causes, some of which we know and 
oUiers we can only guess at. Certainly there is no single 
process of *' magmatic differentiation," and the sooner that 
pretentious and misleading term is dropped the better for 
petrology. In the foregoing pages we have described a few 
of the simpler raw* of rock differentiation, in which a single 
process seems to have predominated; but even in these cases 
it is likely that more than one process was involved. Thus 
(he Lugar sill (Ftg. 90) dearly shows evidence of the settling 
of olivine crystds, especially in its middle member which con¬ 
sists of picrite passing down into pcridotite; but the com¬ 
plexity of this intrusion is such that G. W. Tyrrell was driven 
to assume three successive injections of magma varying in 
composition from teschenitic to picritic and peridotitic. In 
other «-ords, the greater part of the problem was left unsolved. 

J. S. Fleu has made a series of studies of basic sills in 
the Carboniferous of Scotland. In some he finds evidence of 
the settling of olivine crystals, but he ffnds it impossible to 
explain all the ob^rved differentiation within the sills by 
crystal settling alone. " Other evidence indicates that the 
liquid part of the magma was not homogeneous throughout, 
but had undergone differentiation that cannot be ascribed to 
crystallization and precipitation.’' 

In a study cff the Graefoot sill, in Fife, which is another 
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member of the same (j[roup of intrusions, R. Campbell is com¬ 
pelled to assume not only crystal settling but also assimila¬ 
tion of quartrite, filter-press action, and pneumatcJytic and 
hydrothermal processes in order to construct a satisfactory 
explanation of the observed differentiation. 

G. M. Schwartz and A. E. Sandberg have lately described 
three sills of diabase with associated granite or micropeg- 
matite at Duluth, Minnesota. The authors discuss the alter¬ 
native hypotheses of successive intrusions, of metamorphism 
of the roof, of hydrothermal alteration, of syniexis, and of 
gravitational differentiation, and find it impossible to explain 
the phenomena by any one of these factors atone. 

Extbusive Rocks. 

If it is so difficult to explain the variation observed within 
an intrusive body, where all the facies and their mutual con¬ 
tacts are exposed to view, how can one hope to understand the 
relation of one extrusive rock to another? We know that some 
volcanoes have yielded only one kind of lava throughout their 
history, while others have emitted different kinds of lava at 
different periods. The lavas of Etna seem to have varied very 
little during centuries; sometimes they are more andesitic, 
sometimes more basaltic, but the difference is slight and the 
average Etnean lava is andesitic in composition (Washington, 
Aurousseau and Keyes). Vesuvius on the other hand has 
changed its character considerably in the last two thousand 
years. The oldest known product of Monte Somma (the 
ancestor of the modern Vesuvius) is a trachytic pumice; leucite 
tephrite appeared later and still continues to be emitted, but 
A. Rittmann has shown that the composition of the lavas has 
changed steadily, silica, alumina and alkalis decrea.sing, while 
lime, magnesia and iron increase with the passage of time. 
H. J. Johnston-Lavis pointed out that on the island of 
Vulcano, for two thousand years, eruptions of basidt and 
obsidian have been going on at vents only a mile apart. H. 
Williams showed that rhyolite and basalt have been emitted 
alternately from the Newberry volcano In Oregon. In the 
small area of the Stebengebirge on the Rhine, half a dozen 
volcanoes so close together that they almost touch have yielded 
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lavas varying from typical trachyte (Dracbenfels) to andesite 
(WotkeniMrg) and olivine-basalt (Ldwenburg). as well as dyk^ 
rocks containing feldspathoids. In the Rift Valley region of 
Kenya the lavas vary from obsidian holding 9‘i per cent of 
excess silica to phonolite with 80 per cent of nepheline, basalt 
with 90 per cent of olivine, and "augitite” with 50 per cent 
of aiigite. Tite most abundant lava of the Hawaiian volcanoes 
is a basalt with little olivine; but W. Cross and H. S. 
Washington have recorded the following varieties in addition : 
trachyte, trachyandesite, oligoclase-andcsite, andcsin^ndesite, 
olrvin^rich basalt, picritic basalt, limbuigite and melilite- 
nepheline basalt. 

A great deal of ingenuity has been expended in guessing 
at the meaning of these remarkable variations in the composi¬ 
tion of the lavas emitted from a common vent, or within a 
limited region. It is a wise conclusion (hat until we know 
more about the causes of differentiation in deep-seated rocks 
we cannot begin to understand the genesis of lava-Rows. 
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CHAPTER X 

I.ATE-MAGMATIC AND POST-MAGMATIC 
REACTIONS 

In the last three chapters we have discussed the crystallization 
of silicate liquids with little regard to the presence of dissolved 
water. But we know that most rock-magma—probably all 
rock-magma—holds some water in solution. It is important 
to Inquire what becomes of this water as the magma crystal¬ 
lizes. Some of it ts used up in forming hydroxyl groups in 
hornblende or mica, and consequently remains in the rock; but 
a large proportion of the dissolved water escapes either to the 
atmosphere, in the case of surface lava, or into the wall rocks, 
in the case of deep magma. This we know from the study of 
volcanic gases and contact metamorphism. From the point 
of view of the student of ore-deposits, the escape of aqueous 
solutions is the most important incident in the cooling history 
of the rock. 

It is surprising to find that H. C. Sorby, as long ago as 
1868, had formed a clear picture of the crystallization of a 
hydrous magma and of the consequences that must follow if 
the escape ^ water is prevented. 

*' In mjr opinion, the water auodaled with thorouRhlv mcllod igneous 
rocks at Rrat depths doet not diaohe the rock, but the rock diuolvet 
the water. ... If the fused rode passed bv cooKng into snhjdrout 
crytulline compounds, the water would ntcessarUy be set free; and if the 
preesure was so great that it could iwC escape ‘as vapour, an intimate 
mixture of partiaDjr mdted rock and Ikniid water would be the result. 
It is difRcult to fom any very definite opinion as to the actual amount 
thb water, and to decide whether or isot it eserdsed an important influence 
over the crystalline proeeaaes that took place during the consolMatJon of 
such rocks as fjranite. ... I think the amount, though tlmlted. must 
neverthdeas have been coiuidcrsble. and that ita presence will serve to 
eccount for the connexion between granite and quartz veins, and the ind- 
mate relation of both to the metaraornhic rockt, and explain many pecu- 
Caritiet in the arrangement of the mmerals in the cevldea in granite or 
in the solid rock, even if It was not the effective cauae of their elimina¬ 
tion and cryitalliaHon.** 

IM 
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In this chspter we can do liule more than try to fill in the 

details of Sorby's picture. 
It was long assumed that the solubility of water in rock* 

loagma is unlimited, and that during crystalliraiion the pro¬ 
portion of dissolved water increases steadily until the liquid 
acquires the composition of a hot aqueous solution of silicates. 
But R. W. Goranson's investigation of the solubility of water 
in molten granite has demonstrated that granite magma, under 
such conditions of pressure snd temperature as concern a 
petrologist, cannot retain in solution more than some nine per 
cent of water. Whether such a concentration is ever reached 
in nature will depend on the resisunce oBered by the wall rocks 
to the escape of gases. If we try to piaure the course of crystal¬ 
lization of a magma having a small initial content of water, we 
may begin by assuming that the wall rocks ore impermeable to 

gases. 
The earliest crystals formed from rock-magma are fre¬ 

quently anhydrous species sucli as olivine, pyroxene, and 
plagioclase; in this case the concentration of water in the liquid 
must increase as crystallization advances. Sooner or later a 
stage is reached at which olivine and pyroxene are no longer 
stable; hydroxyl-bearing silicates such as hornblende and mica 
are now generated, partly by direct crystallization from the 
magma and partly by transformation of the earlier, anhydrous 
species. If a sufficient quantity of magmatic water is used up 
In this way, then the limiting concentration determined by the 
prevailing temperature and pressure msy never be reached, 
and the hydrous magma will simply decrease in quantity until 
it is all used up, exactly as in the crystallization of an anhydrous 
system. But if the limiting concentration of water is reached, 
then further crystallization of the magma will liberate the excess 
of water as a second fluid phase which, if it cannot escape, must 
of necessity form an emulsion with the magma. Vesicular lava 
is just such an emulsion, in which the second fluid phase is a 
gas. In the esse of deep magma the second fluid will not be a 
gas, but in all probability a liquid below its critical temperature. 
It will not be pure water, but a saturated solution of the strong 
bases, soda, potash, and lime, combined with silica, alumina, 
and other weakly acidic oxides such as titanis, zirconia; and 
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with a very smalt proportion of the strongly acid chloride, 
fluoride, sulphate, or phosphate radicles. In the case of a 
gabbroic magma, potash will be reduced and magnesia may be 
present. 

It is often assumed that any fluid liberated from rock 
magma must be in the supercritical sute; but this does not 
appear to be necessary, and many authorities oppose the 
assumption. Although weak solutions of salts such as KCI 
exhibit critical phenomena, it has been established by experi¬ 
ment that a saturated solution of salt does not do so, the vapour 
pressure rising to a maximum and then declining again (M. 
Benedict). 

Whether an emulsion of magma and aqueous solution was 
actually formed, in any particular instance, we do not know 
and do not need to know, because it would cause no interrup¬ 
tion in the crystallization of the system and no change in the 
character of the minerals crystallizing out. Nevertheless the 
abundance of aqueous inclusions in minerals of late crystal¬ 
lization, especially quaru, seems to indicate the presence of 
liquid water during their growth. Front such an emulsion, 
feldspars and hydroxyl-bearing silicates will continue to crystal¬ 
lize until the magma is used up and only the aqueous-alkaline 
aolution remains in the pores and shrinkage-cracks of the rock. 
The amount of this aqueous-alkaline residue will depend on the 
opportunities which were presented for the escape of water from 
the system by diffusion or boiling. The assumption made at 
the beginning of this discussion, that the rock walls are inv- 
permeable to gases, is probably extreme, if some water is able 
to escape by diffusion, during the cooling of (he system, then 
the aqueous residue may be insignificant in amount, and if 
much water escapes, there may be no aqueous residue at all; 
yet there is an abundance of field evidence which suggests that 
(be aqueous residue, especially from granitic magma, is by no 
means insignificant. It is to (his residue that we credit most of 
the metasomatism and at least some of the ore deposition that 
we observe in the contact zones of large intrusions. To it we 
also concede a large share in the generation of the aplites and 
pegmatites, as welt as the vein-quartz, which fill contraction 
fissures in the eruptive rock and its walls. These vein-filling 
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aggregates could not form until there were fissures tor them 
to form in, and the opening of fissures cannot begin until the 
system is too rigid to flow as a whole; that is, until the crystal¬ 
lization of the magma is far advanced. Day, Sosman, and 
Hostetter have shown that quartz undergoes a rapid oontrac- 
tion, amounting to ti'4 per cent of its volume, between 575* 
and 500*; this is likely to be the period of most rapid contrac¬ 
tion in granitic rocks. 

At the stage when contraction fissures begin to form, 
crystallization must clearly be so far advanced that the network 
of crystals is strong enough to support the gravitational and 
orogenic pressure on the system. The liquid contained in the 
pores and interstices is accordingly relieved of this pressure, 
and for the first time it may become possible for a gas phase 
to develop in the dosed system. By its expansion this gas will 
tend to drive the residual liquid into the gradually opening 
fissures in the rock. N. L. Bowen has discussed the further 
history of the boiling liquid in the fissures, especially in rela¬ 
tion to contact metasomatism and ore-deposition. For the 
moment we shall confine our attention to that portion of the 
residual alkaline solution which remains in or travels through 
the pores of the rock and continues to react with the surrouni^ 
ing crystals. It may be supposed that this small residue of 
aqueous solution is too scanty and too dilute to make by itself 
any significant contribution to the bulk of the rock; yet it may 
perform an important function by promoting and facilitating 
reaction between the minerals already present. It is likely, too, 
that as water vapour escapes through the walls and roof of the 
intrusion, as it must eventually ^ in consequence the 
greatly increased vapour pressure, it will be replaced con¬ 
tinuously by the boiling and upwclling of more of the poro- 
solution from deeper levels; thus the total amount of reaction 
and deposition that is accomplished in the upper levels of 
a large intrusive body may in the end be very great. 

The reactions thus induced are of many kinds, but the 
genera] tendency is to replace anhydrous species by hydrous 
ones and moderately hydrous species by still more hydrous 
ones. Alt such reactions are in a literal sense hydtolhtrmal, 

but a useful distinction has been made between reactions which 
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(ion of the magma itself." This deJinition seems to have the 
same meaning as Becke’s words, quoted above, and the term 
deuteric has been used by a number of petrologists in this 
sense. It is suggested, therefore, that deuteric be retained and 
applied to those high>teniperature hydrothermal reactions which 
take place at the close of the magmatic stage, under the in¬ 
fluence of residual aqueous solutions derived from the magma 
itself. If the reactions appear to have been brought about by 
fluids from an external source, the term deuteric should not be 
used. For example, the production of poikilitic hornblende in 
the norite at the heart of the Cortlandt complex (see on, p. 167> 
seems to have been effected by solutions derived from the norite 
itself, so this has been described as a deuteric reaction. But 
the alteration of the f^lem gabbro by the Quincy granite and 
solutions derived from it, in Essex Co., Massachusetts, is a 
high-tcmperalure hydrothermal reaction which is not deuteric. 

Field evidence only can show us whether the transforming 
solutions, in such a case, came from within or without the body 
of rock that was transformed. If they came from within, is it 
certain that they were derived from the crystallizing magma? 
Might not the effect be due to ground water, heated and set in 
circulation by the intrusion ? This is no new question. We have 
met it already in connection with volcanic gases, and we shall 
meet it again in connection with pegmatites and ore-deposits. 
Every time it is asked, whether in relation to volcanic gases, 
deuteric reactions, pegmatites, or oro^leposits, we get two ir¬ 
reconcilable answers. According to one view, the main source 
of mineralizing solutions and volcanic gases is rock magma in 
course of crystallizatioo; according to the other, all mineral- 
forming solulions and volcanic gases are derived from ground 
water, sea water, or the atmosphere. 

This difference of opinion makes it only too clear that 
(here is no rule by which the effects produced by magmatic 
solutions can be distinguished from those due to heated ground 
water. The same minerals will grow under the same physical 
conditions, if the same bases end acids are present, no matter 
where or how the solutions had their origin. It would be easy 
to show by simple enumeration that the magmatic hypothesis 
commands most support at the present day; but it is well to 
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remind ourselves that " a plurality of suffrages is no guarantee 
of truth where it is at all difficult of discovery.” 

May not both hypotheses be true ? Perhaps some volcanic 
steam waj* originally ground water or sea water; perhaps some 
ore'<lepo5its were formed by lateral secretion, and some pegma¬ 
tites too. The same admission may be made for some post- 
magmatic reactions. But if we agree that rocic-magma contains 
dissolved water, some of which is set free during crystalliia- 
tion, then we must also agree to the proposition that as 
crystallization proceeds beneath an impermeable cover, the 
conditions will become increasingly favourable to post-mag¬ 
matic reactions of the nature of hydrolysis, base exchange, and 
the concentration of the scarcer chemical elements in the later 
crysullizaiions. Deuteric action is txfectabU under deep- 
seated conditions. 

In the remainder of this chapter we shall describe some 
phenomena which are widely believed to be deuteric 

The TovRMAUNB-ToPAZ-CASstTBRrrE Type op Mineralization 

The hypothesis that an already solidified eruptive rock may 
be locally transformed and recrystallized by the action of its 
own residual solutions was dearly expressed by H. C. Sorby 
in 1856, and was also developed in the writings of A. Daubr^. 
In a study of the genesis of tin deposits, begun in 1841, 
Daubr^ pointed out that these deposits are distinguished from 
other ore-bodies by a characteristic suite of associated minerals, 
namely, quartz, topaz, tourmaline, lithia-mica, apatite, and 
wolframite. It is to be observed that these minerals contain the 
elements fluorine, boron, phosphorus, lithium and tungsten, 
between which there is no chemical relationship whatever. They 
differ as widely as possible in valence, in atomic weight, and 
in ionic radius, and they do not form isomorphous compounds. 
Is it conceivable that ground water, seeping through rocks of 
all kinds, could make such a strange selection of unrelated 
elemenu ? 

Daubr^ remarked that (he familiar replacement of feldspar 
by tourmaline seems to demand the presenceof an agent which 
was able to decompose feldspar and introduce boron at the 
same time; and that pseudomorphs of cassiterite and quartz 
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after orthoclasc, such as are found near St. Agnes, Cornwall, 
require an agent which can decompose feldspar and introduce 
tin. Daubr^ found such an agent in fluorine. He pointed out 
that tin fluoride is volatile at a moderate temperature (actually 
706*), and that the fluorides of boron (-101*), silicon (-160*), 
phosphorus (-76*) and tungsten (+I9‘) all have remarkably 
low boiling points. When these fluorides oonve into contact 
with water they arc decomposed, liberating hydrofluoric acid 
which readily attacks feldspar and other silicates. 

Daubr6e discussed the almost invariable association of tin 
deposits with granite and granite-porphyry, and he observed 
that the Assures in which cassiterite, topaz and tourmaline are 

no. Sl Swiiui Um BuabMM batbeliUi, Congo. TlM MiUrol 
biotlto-iroBila boa m BUginat tacMa at iBuaoavita>gMAlta trom which ubm 
niat w lounaalino-BtgaMUta, paaiof ont ioio cMaUBrito-gralMn. (F. BUIm 

m4 N. Bouiauaf, A»». t»e. gM. dt 67, 1087, p. c07.) 

deposited are typically simple contraction Assures, not fractures 
of tectonic origin. He accordingly advanced the theory that 
tin and the elements that accompany it were transported in the 
fonn of Auorides from '* the depths where one Ands the general 
reservoir of metals." Geology knows no such reservoir of 
metals except the deep-seated rocks and their magmas. 

Some ten years ^ter Daubr6e had expressed these ideas. 
R. Bunsen introduced (he adjective " pneumatolytic" to 
describe a group of reactions caused by acid gases escaping 
from active lava flows. These reactions are of an entirely 
different character from those visualised by Daubr^, but in 
1890 W. C. Brdgger took over Bunsen's adjective and applied 
it to the group of minerals, typically developed in pegmatites, 
which contain fluorine, chlorine, boron, phosphorus, and o^her 



LATB.MAGUATIC AND PUSTMACMATIC REACTIONS 1«9 

so-called “ mineralizing agents/’ In consequence of this per¬ 
version of meaning, the view became firmly established that 
minerals containing these unusual elements must have been 
formed by the agency of magmatic gases; and to (his day geolo¬ 
gists who encounter rocks or mineral deposits containing tour¬ 
maline or topaz too often describe them as “ pneumatolytic ” 
products. The reactions that Bunsen described were truly 
pneumatolytic, because they took place under atmospheric 
pressure, but there is no reason to suppose that (he fluids which 
generated tourmaline and topaz in plutonic rocks were gaseous. 
It is important to realize that the arrumpitoa of gas as ths 
medium of transport toas madt to meet the special ease of eas- 
siterite. But it is now known that tin dioxi^, like silica, can 
be transported as a sodium salt, or even in colloidal form in 
water, so all necessity for a high temperature and gaseous 
transport has disappeared, both for cassiterite and for the asso¬ 
ciated minerals. In view of this, it would be an advantage if 
the term “ pneumatolytic ” were to disappear too. The con¬ 
dition under which the topaz-tourmaline-cassiteriie group of 
mineraU was formed is preferably described as high-tempera- 
ture hydrothermal; either dcuteric or not. 

F. G. Smith finds that tourmaline is unstable in strongly 
acid solutions, but stable in those of low alkalinity; hence he 
concludes that if cas.siteri(e and tourmaline are found in 
nature to have been deposited from the same solutions at the 
same time, then the solutions must have been alkaline, not 
acid.” 

An important study of lourmalinization in the Dartmoor 
granite and its surroundings was made by A. Brammall and 
H. F. Harwood, w!k> describe the following modes of occur¬ 
rence of tourmaline 

(1) Little euhedral enStaU cnclewa in bkMite. Theae are thought 
to be primary magmatic produda; 

(2) Large irregular crytuli r^aeing plaglodaae or blotlta; 
(S) Tongues of tourmaline adectiveiy replacing Hm threade and 

pat»ea of albite in mlcroperthitc: 
(4) Buhedral cryatala In geodee, along with feldspar, quarts, SuorHe 

and apatite; 
(5) Tourmaline and quartz together replacing eubedral orthodaee 

cryetale; 
(6) Radiating groupe of needles (** reurmeline tuna '*) in ruidulee |n 

the gramte; 
^ Qutrt^tourmaline vcina; 
n) TourmaJinized country rocks, 
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Brammall and Harwood summarize the cooling history of 
the granite as follows: '* The magma fraction represented by 
the earliest and most basic type of Dartmoor granite was essen* 
tially free from those volatile constituents which promote the 
genesis of tourmaline. The magma fractions which yielded the 
later and progressively more acid types contained these 
volatile constituents in increasing concentration. Tn the pro> 
ducts of the latest stage of intrusion, the concentration was 
such that the intrusive bodies were more or less severely pneu- 
matolyzcd (sicl) before crystallization was complete. During 
the closing phase, the granite of east Dartmoor was affected by 
severe tensions. Numerous fissures opened and afforded 
passageway for fluids and gases from depth. These cracks and 
Assures were infilled with schorlaceous velnstuff, quartz.4chorl 
rock, vein quartz, and ore-bodies carrying specular iron or 
cassiterite. The closing pHase was marked by local tour- 
malinization of granite in place.” 

In a later paper Brammall and Harwood discussed the 
temperature range in the formation of tourmaline. In the 
granite, tourmaline is associated with high-quartz and some of 
it is ” demonstrably contemporary in origin with quartz in the 
normal groundmass of the biotite granite.” In the geodes it is 
associated with low-quartz, but the tower limit of temperature 
of formation Is not known. The authors record that little tdio* 
morphic crystals of tourmaline have been observed in the 
Sktddaw slates. It may be added that P. D. Krynine has 
described overgrowths of new tourmaline upon detrital grains 
of the same mineral, in Paleozoic sandstone in Pennsylvania; 
so it appears that tourmaline may continue its growth right 
down to atmospheric temperature. 

R. O. Teuscher has discussed post-magmatic reactions in 
the granites of the Erzebirge, in Saxony. These acid granites 
have a well developed pegmatitic end-phase, with albite-, 
topaz-, and Hthionite-pegmatites. The Ei^nstock granite con¬ 
tains many horizontal sheets of aplite, some containing topaz, 
others tourmaline. Even andalusite, oordierite, and dumor- 
tierite are occasionally present in these rocks. There is a con¬ 
tinuous passage from albtlized granite through tourmalinizcd 
granite into topaz-bearing aplite-granite. Teuscher writes: 
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'* It can be said that the aplites are no offshoots of a distant 
magma, but that they stand in the closest relation to tJie main 
granite of the neighbourhood; they can best be regarded as a 
residual liquid from the crysialtizing magma." 

J. G. W. Dunn described topaz metasomatism and tourma¬ 
line metasomatism of granite-porphyry dikes at Mount Bischoff, 
Tasmania. In the earliest stage feldspar was replaced by topaz; 
occasionally quartz was replaced too, leaving a topaz rock in 
which the only other constituents were some radial groups of 
blue tourmaline and a little cassiterite. Tourmalinization was 
on the whole a later process; where it was most intense, an 
entire body of rock might be replaced by radiating groups of 
tourmaline needles with a little cassiterite. In a further stage 
of metasomatism, both topaz and tourmaline, as well os feld¬ 
spar, might be replaced by cassiterite. Dunn considered the 
reactions to be pneumatolytic and wrote that " The direct asso¬ 
ciation of the deposits with the porphyries indicates that the 
mineralization period represents the end phase of magmatic 
intrusion and differentiation." In other words, the granite- 
porphyry dikes were altered by their own residual fluids: there 
is no reason to believe that these fluids were gaseous rather than 
liquid. 

The evidence that we have discussed gives strong support 
to the opinion that the generation of tourmaline and topaz, as 
well as minerals containing lithium, tin, and tungsten, must be 
ascribed to fluids which escaped from deep-seated magma in the 
final stage of crystallization. It does not seem possible to ex¬ 
plain this remarkable association of unusual elements by the 
agency of ground water, more especially as the special minerals 
we have considered are almost entirely restricted to the most 
siliceous types of granite and granite-porphyry, and have even 
been found in rhyolite. It would perhaps be possible to 
imagine a process by which these elements, and these alone, 
were leached by ground watercut of a completely solidified body 
of granite, and deposited about its margins: but there is no 
reason to think that ground water possesses such remarkable 
powers of selection. Extensive tourmaline and topaz meta¬ 
somatism seem to demonstrate convincingly the reality of the 
deuieric stage of crystallization in acid eruptive rocks. 
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TiiE FVROXKNK.AMPHlBOLS-£p]DaTK 'rRANSPURUATION 

Another we]l*esublished process, which may be either late- 
magmatic or post-magmatic, is the replacement of pyroxene by 
hornblende. In an early stage of reaction this process yields 
only narrow mantles of hornblende about the pyroxene crystals, 
but in a more advanced stage large crystals of hornblende are 
generated which may be filled with little, more or less corroded 
grains of pyroxene, olivine, and other minerals. For this 
texture, which is beautifully developed in some of the horn- 
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blendic rocks of the Cortlandt complex in New York State, 
G. H. Williams introduced the adjective '*poicilitic” (usually 
spelt poikilitic), meaning *' mottled.” In the rock to whii^ 
Williams gave the name “oortlandtite,” the hornblende forms 
allotriomorphic crystals several centimetres in diameter, which 
enclose many little, rounded grains of olivine, augite and 
hyperstbene. 



KRUPTIVK KOCKS 

'I'ht! Cortlandt contplex, to which these rocks belong, is a 
funnel*shaped pluton with an area of some 2S square miles. At 
the east and west ends of (he roughly elliptical outcrop there 
are bodies of pyroxcnite and peridotite, but the central mass is 
norite with b^h ortho* and clino-pyroxene. I'be rocks are 
banded, coarse-grained bands alternating with finer>grained, 
and the bands dip inwards, towards the centre of the funitel. 
About the margin of the ^nnel the norite has developed a 
hornblendic facies (diorite in the sense of Zirkel) in which the 
hornblende is prismatic and apparently primary, h'urther in> 
wards the norite is free from hornblende for a distance of half 
to one mile; then hornblende appears again and becomes in¬ 
creasingly abundant towards (he centre of the complex. But 
whereas the hornblende in the marginal region is prismatic 
and generally free from inclusions, thnt in the cenual region 
forms large allotriomorphic plates and skeleton crystals which 
are full of corroded grains of plagioclase, augite and hypers- 
thene (S. J. S., fi). 

Since poikilitic texture was first describeil in rocks of the 
Cortlandt complex, we may digress for a moment in order to 
discuss the significance of this texture. When two substances 
crystallize side by side from a solution, a large crystal of one 
may accidentally enclose some smaller crystals of the other, 
especially if crysullization takes place rapidly. But in a slowly 
crystallizing magma, (he cliance that a mineral of later crysul¬ 
lization may enclose a large number of grains of the earlier 
minerals seems to be small. Crystal settling is a reality; and 
in the present insunce the early-formed crystals of hypersthene, 
augite (and sometimes olivine) must have been considerably 
denser than the partly feldspathic magma in which they grew. 
It is significant, too, that to a laige extent the enclosed grains 
are not idiomorphic crystals but corroded relics. Can we 
believe that crystals of density about 3-4 remained suspended 
in a moderately feldspathic magma long enough for crysuls of 
hornblende, many times their own size, to grow from and 
around them? Evidence to the contrary is given by cerUin 
norites which have been subjected to crushing. In these rocks 
the grains of plagioclase and pyroxene show wavy extinction 
and partial granulation, but the hornblende which surrounds 
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them is not affected in this way, hence it must have been formed 
after the rock was completely solid. The writer concludes that 
the poikilitic hornblende in the norites, pyroxenites, and perido- 
tites of the Cortlandt complex is mainly deuteric, and was 
formed by transformation of the original minerals of these rocks 
under the influence of ascending solutions of magmatic origin. 
In rising through the centre of the funnel, the solutions fol¬ 
lowed especially the more coars^rained bands in the norite, 
but some hornblendization also took place along irregular 
cracks. 

It is a legitimate conclusion that a weJUdcveloped poikilitic 
texture, in any rock that has not undergone metamorphism by 
external forces, is good evidence of post-magmatic crystailiu- 
tion. The very same texture is characteristic of minerals such 
as andalusitc, cordierite, and garnet which undoubtedly grew 
in a solid matrix in metamorphic rocks. It is charac- 
teristically developed in crystals of calcite and gypsum which 
have grown in loose sand. 

The Caribou stock in the Prom Range of Colorado re¬ 
sembles the Cortlandt complex in some respects. It is mainly 
composed of monzonite, but it includes bodies of pyroxenite 
and gabbro which preceded the monzonite in order of intrusion. 
All the main varieties of rock contain augite, generally mantled 
by hornblende. Some of this hornblende may be late mag¬ 
matic but some is certainly post-magmatic tx^use veins of 
hornblende follow planes of fracture in the rock. In a facies 
described as porphyritic hornblend^pyroxenite, large crystals 
of hornblende lie in a fine-grained matrix of pyroxene and 
biotite. The large crystals are poikilitic and enclose grains of 
augite, biotite, apatite, and magnetite. Ward Smith reported 
that “ One can see all stages of the development of large horn¬ 
blende crystals from an initial stage in which hornblende is 
merely a spongiform, optically continuous network that extends 
through a matrix of pyroxene and biotite, through stages in 
which the hornblende is more and more predominant, to com¬ 
pletely grown hornblende crystals that are solid except for in¬ 
clusions of magnetite and apatite. This gradational series is 
interpreted as evidence that the large crystals developed meta- 
somatically In solid pyroxenite.” 
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Tlw Sooke gabbro, in Vancouver island, shows similar 
pbeoomena of hornblendization. After the consolidation of the 
gabbro, there was a period of faulting accompanied by the 
formation of sJiear soncs and joints. Through tliese fissures 
them came hot solutions that altered tlie rock with which they 
came in contact into homblendiie. 1 he veins of hornblcndite 
are mostly just a few inches wide, but some are 60 to 450 feet 
wide, grading into unaltered gabbro. The replacement of the 
walUrock by hornblende can be observed in all its suges 

(H. C. Cooke). 
0. K. N. Wyllie and A. Scott described a rock at Garabal 

Hill, Scotland, which is composed almost entirely of quarter- 
inch crystals of glossy black hornblende. Many ^ them have 
cores of diallage, and even those crysuls which have no such 
cores still show relics of the “scliiller structure ” of diallage, 
indicating that the hornblende grew at the expense of pyroxene 
crystals. The authors express doubt whether a mere equili¬ 
brium change during crystal! i ration of the magma could 
account for (he formation of a strongly coloured hornblende 
(holding some 46% of ferrous and ferric oxides) from a prac¬ 
tically o^urless pyroxene. I'hey suggest that the transforma¬ 
tion was effected by '* heated vapours ” from a younger diorite 
magma. It is difficult to believe in ihe transport of large 
amounts of iron oxide by vapours (unless halc^ens were 
abundantly present, and of this there is no evidence), so it 
seems more likely that the traasfomiation was effected by hot 
residual solutions from the magma that generated both the 
original pyroxenite and the dioritic and other rocks of the com¬ 
plex. This is the opinion expressed by S. R. Nockolds, who 
has re-exsmined the region. 

Tkakssormations APRBcriNO Feldspar 

The commonest example of this nature is allntigation, 
which may effect either plagioclase or orthoclase. An enrich¬ 
ment ol plagioclase with albite may be brought about (1) by 
simple addition, in the post-magmatic period, of layers of albite 
or anorthoclase to an existing plagioclase; (4) by substitution 
of Na-Si for Ca-AI atoms; (8) by transformation of anorthite 
Into loisite, leaving the feldspar relatively enriched with albite. 
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Bailey and Grabham described the albitizacion of plagio 
clase in a number of Scottish diabases and basalts. Flagioclase 
containing as much as 60% of anorthite has been replaced by 
pure albite, and since the crystals do not contain visible cavities 
(indicating removal of anorthite), there must have been a large 
introduction of soda into the crystal lattice. Silica must also 
be introduced, as the equation shows:— 

CaAitSi,0|'f-Na,CO, ■f4SiOt** l2NaAlSitO*+CaCO,. 
Bailey and Grabham picture the process as one of self-digestion 
or autolysis, claiming that “ the soda introduced into the 
altered basic feldspars probably belongs to the lava itself"; 
they suggest that " the lava at this stage was stewing in a con¬ 
centrated solution of sodium carbonate." P. Eskola and col¬ 
leagues were able to reproduce in the laboratory the conditions 
described by Bailey and Grabham. Powder^ bytowoite or 
aiMirthite was heated in a steel bomb along with sodium bicar¬ 
bonate, silica and water, at various temperatures between 230* 
and 650*. Under these conditions the lime-rich feldspar was 
converted into albite or oligoclase, the most complete albitisa- 
tion being realized between 260* and 330*. 

But the demonstration that plagtoclase can be albitized by 
hot soda solutions in the laboratory tells us nothing about the 
source of these solutions in nature. G. Beslcow maintains that 
the soda necessary for the extensive albitization observed in 
pillow-lavas (spilites) has come from heated sea water. On the 
other hand many rocks have been albitized which are not 
known to have been exposed to sea water, and for these rocks 
Bailey and Grabham's explanation seems mote acceptable. U 
the reaction was indeed due to sea water, one wonders Why 
there was no production of scapolite (see on, page 176). 

A careful study of the spilite problem, with a review of the 
abundant literature, has been made by |. GilluJy (1). The same 
authority (2) has described the production of albite-granite by 
the silicification and albitizatioo of quartz-diorite, in Or^oa. 
The diorite is composed of andesine and hornblende, with a 
little orthoclase and quartz; k passes gradually into a rode in 
which quartz is graphically intergrown with albite, the latter 
containing cores of andesine which are riddled with tongues 
and threads of albite. The hornblende is simultaneously trans>. 

>3 
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formed into deep blue hastingsite. The passage from dioritc 
to olbite-granite involves an addition of more chan 90% of 
silica, an increase of soda from 9-7 to i-6%, and large reduc* 
cions of lime, magnesia, and ferrous oxide. 

A relative enrichment of plagioclase with soda may be 
effected by the elimination of anorthite. In the reaction known 
as *' saussuritization," the anorthite fraction of a calcic plagio¬ 
clase is converted by addition o( water into an aggregate of 
roisite and sericite, with which calcite and chlorite are often 
associated. The following equation will serve to illustrate the 
transformation 

9CaAl,S>i,0,+H.O» Ca.(A10H)Al,Si.O„ + HAlSiO« 
(anorthite) (aoisite) (base of mica) 

Plagioclase crystals which have suffered this alteration become 
semi-opaque by the development of minute scales of sericite 
and granules of epidote or loisite; only the outermost zones 
show comparatively dear aibite. In some cases augite and 

aibite are reported to form ophitic intergrowths, and the 
aibite then has the appearance of a primary mineral; but 
Bowen's study of the system diopsido-plagiodase (see p. 96) 
ntakes it most unlikely that aibite and augite can crystallize 
simultaneously from a magma. 

E. S. Bastin traced the development of reddisli veins of 
aplite or pegmatite, having all the appearance of igneous rocks, 
in the Nipissing diabase of Ontario. The veins may be 1-9 feet 
wide and a few hundred feet long. Some of them have sharp 
contacts with the diabase but others pass through reddish tran¬ 
sition facies. The Nipissing diabase consists of labradorite, 
augite, and Iron ore, with some interstitial micrographic inter- 
growths of quaru and aibite. Bastin showed that with com¬ 
mencing alteration the labradorite becomes filled with sericite 
scales, while the augite is chloritized. Passing from the grey 
diabase toward the red aplite, the turbid feldspar dears up and 
eventually appears as simple aibite, more or less reddened by 
scales of hematite. Bastin commented that "in general the 
red rock is » fresh appearing that it would naturally be inter¬ 
preted as a direct crystallization from a magma, were it not 
for the evidence of progressive mineral transformation that we 
have just described.*’ In his opinion the solutions that effected 
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the transformation came from a deep magmatic source, perhaps 
the same source that supplied the diabase. 

E. V. Shannon demibed a thick diabase sill at Goose 
Creek, Virginia, which contains veins of diabase pegmatite in 
its lower part. Some of the pegmatites contain essentially the 
same minerals as the normal diabase, namely labradorite, 
augite, magnetite, and microperihite, but others have albite as 
their only feldspar. There are also veins of simple albite-quaru 
rock with apittic texture. 

One more illustration of this effect may be given. R. C. 
Emmons has described a thick sill in Bridgland township, 
Ontario, which shows a progressive change, by minute grada¬ 
tion, from pyroxene-gabbro at the base to pegmatitic quartz- 
hornblende diorite at the cop. Emmons considers Chat the 
residual liquor of the crystallized magma, containing alkalis 
and silica, tended to rise through the network of crystals. In 
doing so it reacted with the crystals, making the felspars pro 
gressively more and more sodic, causing the transformation of 
augite into hornblende, and depositing quartz in the final stage 
of crystallization. Two completely similar instances have lately 
been described by R. Merriam in Oregon. 

J. L. Gillson has shown that feldspar which has been 
albitized may undergo a further replacement by orthodase. He 
has described, in the Pioche district of Nevada, the transforma¬ 
tion of a noritic rock composed of labradorite, augite, and 
hypersthene, into a quartz-monzonite in which the feldspar is 
andesine containing corroded cores and ghosts of labradorite. 
Some potash feldspar was formed in the magmatic period, but 
after the rock has solidified there was a further replacement of 
quartz and plagioclase by microcline and sanidine. Gillson has 
also descril^d the replacement of quartz by microcline, and of 
plagioclase by both minerals, in the granodiorites of the Pend 
Oreille district, Idaho. The “ adularization " of basalt in the 
Sunda Islands was described by W. P. de Roever. 

Remarkable evidence of replacement of soda by potash was 
found by C. N. Fenner in geyser basins In the Yellowstone 
Park. Rhyolitic and dacitic lavas which were penetrated by 
the drill. In deep boreholes, were found to be largely glassy in 
texture, with insets of quartz, plagioclase, and orthodase. The 



17* ERUPTIVE ROCKS 

NatO: K^O in a perfacily fiesb sampl« was i-34: 294. 
In certain other lavas the groundmass had been recrystallizad 
to aa aggregate o{ quarts and orthoclase. and in these, the ratio 
was XiM: 6‘ld and upwards. The pyroxene is the same in both 
types ei rock, but Fenner points out that the soda>rich insets, 
in the second type are not compatible with the potash-rich 
groundmass. He holds that the geyser waters attacked the 
glassy base of the lavas and replaced soda by.potash. 

A fine study of potash enrichment in lavas at Esterel, 
France, has been made by R. Terzaghi. 

Rkplacembnt op Fkldspar by Analcimb or Scapolitb 

Instead of being albitized, plagiodase is sometimes re¬ 
placed by analoimc. In this case oo addition of silica is required 
and one may write the illustrative equation 

CaAl,Si,0, * 2NaAISi.O. T NaXO, -f 4H,0= 
(plagiodase) 

4N4AJSi,0,H,0 + CaCO,. 
(anatcime) 

J. T. Lonsdale found ahalcime-bearing rocks to be very com¬ 
mon in the I'erlingua-Solitario region of Texas. The rocks 
range from syenites to quite melanocratic types. The analcime 
is of late formation, the microscope indicating that '* its period 
of formation extended from a very late magmatic stage into a 
period definitely post-magmatic.'* in the larger bodies of rock, 
whtok cooled restively slowdy, extensive reaction took place 
between the residual liquid and the earlier formed crystals. The 
initial stages of reaction were thought by Lonsdale to be late- 
magmatic. Among the products wen aegirine rims on the 
augite crystals, replacement of pyroxene by biotite, and the 
development of analcime in ocdlar form. Later reactions which 
are certainly post-magmatic gave such producU as vesicles filled 
with analcime, calcite and zeolites. Euhedral crystals of anal¬ 
cime were even proiluced in the adjacent sedimentary rocks. 

The replacement of plagiodase by analcime has taken place 
Jn many Scottish and Moravian teschenites, which have been 
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described by G. W. Tyrrell and F. Walker. The process of 
replacement is beautifully demonstrated by a dike rock (lampro¬ 
phyre) that cats limestone at Rudeville, New jersey, and twas 
deteribed by J. F. Kemp. The rock consists of pUgiodase, 
pyroxene, and biotite, vrith anatcime forming irr^ular patches 
in the groundmass and also little spheroids which Kemp sup¬ 
posed to be pseudomorphs after Icucite. It is perhaps more 
likely that they are former gas vesicles. However that may be, 
the spheroids consist of clear analcime containing “ght^'' 
of plagioclase in every stage of corrosion and replacement. 

C. S. Ross described a dike of olivine-basaltic composition, 
in Colorado, which contains patches of analcime-syenite. The 
analcime fills angular interstices and also replaces feldspar. 
The oligoclase cores of the feldspar crystals arc more or less 
completely replaced by analcime, but the orthoclase mandcs 
are scarcely affected. Ross writes that “the analclte that is 
secondary to feldspar is without doubt a deuteric mineral formed 
near the close of crystallization by reaction between residual 
solutions . . . and sodic plagiodase.” R. H. Jahns has 
described other analcime-bMring dikes in Colorado and has 
arrived at a similar conclusion. J. Gilluly recorded sills of 
analcime^iabase in Utah, which have cores of analcime-syenite 
just like the rock described by Ross. The same conclusion is 
reached, that the analcime is partly primary and partly a 
placemen! of feldspar. 

H. W. Fairbanks observed four modes of occurrence of 
analcime in diabase dikes of San Luis Obispo ocMinty) Cali¬ 
fornia. Hexagonal or rounded grains of analcime are pa'rtfy 
enclosed in feldspar; these are assumed to be primary. Anal¬ 
cime also hits angular interspaces between the feldspars, and it 
partly replaces feldspar. Finally, crystals of analcime line the 
walls of cavities. 

The replacement of leucite by analcime, and the production 
of “ pseu<Meucite.“ are describe in chapter xvili. 

Replacement of plagiodase by scapdite is widespread hi 
the Kiruna district of Norway. W. C. Brdgger ^3) gave the 
special name “ ddegardite “ to a rock formed by the transfomo- 
tlon of hyperite into an aggregate of hornblende and scapoMte. 
Ail stages of transition' 'frtNn hyptrise Into ddegardde may -be 
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found, and Br^ger maintains that the change is due to ** the 
influence of hot solutions and pneumatolytic gases in connec* 
tion with the magmatic genesis" of the hyperite. J. H. L. 
Vogt also thought the necessary solutions containing NaCI 
were derived from the hyperite magma. A. Bugge was of a 
different opinion; he held that the origin of the scapolite and 
the apatite rocks of this region might be connected with the 
intrusion of dikes of granite-pegmatite; that is, that the scapo¬ 
lite rock is a product of thermal metamorphism of hyperite. 
This view derives a certain probability from the observation 
that some of the altered hyperites contain relics of coronas, and 
there is reason to think that coronas are products of thermal 
metamorphism (S. J. S., 8). N. Sundius has described the 
extensive scapolitization in the Kiruna district as a " regional 
pneumatolytic metamorphism.'* 

On the other hand, A. Lacroix has described the of 
a diabase dike which, in his opinion, has been scapolitized by 
salt water from adjacent saline clays. 

This striking conflict of opinion emphasiies the truth that 
we do not always know the source of the solutions that promote 
post-magmatic reactions. We must be guided in each case by 
Che fleld evidence. 
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CHAPTER X] 

THE GENESIS OF PEGMATITE 

Thb origin of pegmatite has been hotly debated for more than 
a century. The oldest recorded opinion on the subject declared 
that *' pegmatites are injections of granitic matter which, arising 
from the still liquid granite in the interior, was injected into the 
upper, already solidified granite " (Charpentier, 1828). Opposed 
to this was the “ lateral secretion " theory, first applied to ore- 
deposits but later extended to pegmatite. H. Credner wrote in 
1876 that “the mineral matter of granitic dikes . . . comes 
from the partial decomposition and leaching of the wall rocks 
by seepage water." 

As far as the simple quartc-microcline pegmatites are con¬ 
cerned, either of these theories might find support to-day; in 
fact, G. H. Williams claimed that in Maryland, intrusive peg¬ 
matites and segregation pegmatites which are quite similar in 
appearance may occur side by side. But a powerful argument 
in favour of injection rather than segregation is the frequent 
lack of any chemical or even mireralogical resemblance between 
a pegmatite and its country rock. W. C. Brdgger illustrated 
this argument by reference to the granite-pegmatites of Hitterii 
and Arendal, Norway, which are mineralogicaJly similar to 
one another and also to an adjacent body of granite; yet the 
Hitcerb pegmatites occur in anorthosite and norite, the Arendal 
p^matites in gneiss and schist. Brbgger pointed also to the 
agirinc-granite p^matite of Rundemyr, which cuts limestone 
at a distance of half a kilometre from a body of agirine-granite. 

G. H. Williams observed in Maryland that "there seems 
to be no relation between the character of the adjoining rock 
and the particular kind of pegmatite which occurs within It." 
Crosby and Fuller reported that in New Hampshire " we have 
found pegmatites of strikingly uniform composition traversing 
in succession, and without sensible change, a whole series of 
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granites, gneisses, and schists of the most diverse origfin.” 
W. T. Schaller showed that the famous lithia>pegmatites of 
Pala, California, occur mostly m gabbro but sometimes in 
granodiorite; and O. Andersen found that in the pre-CarobriSn 
region of southern Norway, typical microcline-granite pegma¬ 
tites are most abundant in gabbro, diorite, and amphibolite. 
A parallel observation was made by T. G. McLaughlin, at 
Wind River Canyon, Wyoming, where veins of microcline- 
granite pegmatite invade a schist composed of hornblende and 
labradorite. A body of microcline-granite occurs in the vicinity. 

Further evidence to the same effect is given by the oorun- 
dum-bearing pegmatites of the United States. Transvaal, and 
India, which are found in pehdotitc or serpentine, usually at no 
great distance from an intrusive body of granite. In Seiland, 
Norway, according to T. F. W. Barth, both corundum pegma¬ 
tites and nepheline-pegmatitesoccur in peridotile but not in the 
adjoining gneiss. It seems impossible to explain these facts 
in terms of lateral secretion. 

W. C. Brbgger made the curious observation that the rare 
minerals in the granite-pegmatites of the Christiania (Oslo) 
district of Norway are to a large extent different from those in 
the syenite-pegmatites of the same region. The granite-pegmi- 
tites hold especially columbates, tantalates, and phosphates; 
the s)renite-pegmatites and nepheline-pegmatites hold zir¬ 
conium minerals and species containing fluorine and boron. 
F. L. Hess (1) recognized four distinct types of pegmatite in 
North Carolina, namely zircon-sphene pegmatites, uranium- 
rare earth pegmatites, lithium-tin pegmatites, and simple 
granite pegmatites without any rare minerals. G. Swhter 
found four types of pegmatite within a single smalt granite 
stock in Colorado. These observations are not easily reconciled 
with the lateral secretion theory. 

F. L. Hess (H) observed that the country rock about iKSire 
pegmatites is greatly altered; large quantities of silica as welt 
as certain unoomnton minerals hove been introduced into the 
country rock, but there is little evidence of any transference of 
matter from country rock into pegmatite. Thus « l3aiiBp' 
Harding, New Mexteo, the wiall rode (quana-Trrka scMst) wm 
10 largely replaced l>y fh4R ft was at one thae mined, 
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along with the pegmatite, for its lithium content. In India, 
the joint work of Roy, Sharma, and Chattopadhyay showed 
that the pegmatites of Kodarma " have not taken any material 
from the wall rocks, but on the other band they have added 
plenty of m^crial to the latter.” The mica-schist near the 
p^matite veins has been feldspathired, and eyes of oligoclase 
have developed in it, while abundant crystals of tourmaline and 
apatite appear both in the pegmatite and in the adjoining schist. 

In the case of large pJutonic intrusions, we have seen that 
reaction with the wall rocks has generally been of a reciprocal 
nature, the magma giving up some constituents to the wall rock 
and receiving others in exchange. It need not surprise us, 
then, to find some evidence of reciprocal action between pegma¬ 
tite and its walls. Large crystals of andalusite are sometimes 
found in granite-pegmatite which cuts slate or schist. J. J. 
Runner has recorded both andalusite and sillimanite In pegma¬ 
tites of the Black Hills, South Dakota, and holds that they are 
due to contamination of the pegmatite magma with aluminous 
sediment. R. W. Webb has described pegmatite containing 
giant crystals of andalusite. in Riverside County, California. 
0. Andersen described a plagioclase-cordierite pegmatite within 
cordieriie>gneiss at Risdr, Norway; also garnetiferous pegma¬ 
tite in garnet-gneiss and epid^e-bearing pegmatite in 
epidote>mica schist. It was his opinion, however, that in these 
pegmatites ” the reaction has been more a recrystalliaation than 
an assimilation ” of the introduced material. 

J. Lehmann conceded that ” a certain dependence upon the 
country rock cannot be denied ” In the pegmatites of the Saxon 
granulite r^ion. He found orthoclas^rlch pegmatites in 
ciation with orthoclase-granulite; oligoclase-biotite pegmatites 
with plagiocIase-granuHte i and rare hornblende-epidote pegma¬ 
tites with pyroxene-granulites and amphlbole-schists. We may 
recall Crosby and Fuller’s observation that the mica-pegma¬ 
tites of New Hampshire are more micaceous where they cut 
miea-«hlsi than where they cut granite. In brief, it need not 
surprise us to find that certain pegmatites have taken on some 
of the characters of their wall rocks while others show no such 
relation. The same thing is true of granites in general. But 
the recognition of a certain mineralogical resemblance between 
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a crystalline rock and its wall falls short of proof that the former 
was generated from the Utter. Not one of the examples cited 
above can be held to support the lateral secreUon theory m toU>: 
whereas the numerous instances in which there is no minerals 
gical or chemical relationship between pegmatite and wall rock 
afford strong evidence against that theory, at least in the 
instances referred to. 

About the year 1870, G. Vom Rath was impressed by the 
abundance of tourmaline, beryl, and lithia-mica in the pegma- 
tites of Elba, and their absence from the surrounding granite. 
He assumed that the uncommon elements in these minerals had 
been supplied by ascending solutions from some deep-seated 
source. W. C. Brdgger commented that this assumption could 
only be accepted if it was admitted that both the pegmatite and 
the massive granite were formed from a “ hydatopyrogenic" 
magma, or a mutual solution of silicates and water. In this 
matter Brbgger was of the same opinion as J. Lehmann, who 
wrote in 1884 that the granitic dykes of Saxony "have indeed 
been formed by the co-operation of water, yet it was not atmos¬ 
pheric water seeping into fissures but eruptive water, charged 
with mineral matter in solution, which was yielded by the under- 
lying granite." Lehmann compared the pegmatit^forming 
solution to a hot silica jelly. 

Between the "seepage water” theory of Credner and the 
"eruptive water” theory of Lehmann and Brdgger it can 
hardly be denied that the advantage, os regards the explanation 
of the rare-element pegmatites, is with the latter. The seepage 
theory re<iuires us to believe that water at little more than 
atmospheric temperature, seeping through the interstices of 
solid rocks and making contact only with (he surfaces of the 
mineral grains, can leach the rare dements out of crystalline 
particles which only hold minute (races of these dements in 
solid solution. According to the eruptive theory, the rare 
elements were dissolved in a body of rock-magma which also 
held water in solution; thus water and these dements were 
mingled on an atomic scale from the beginning. When the 
water was liberated as a second liquid phase, in consequence of 
the crystallization of (he bulk of the magma, it held in solution 
not only a residue of alkalis, alumina, and silica but also all 
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the rare components which had not ^et reached their saturation 
point. The solution collected in fissures and cavities, where 
it deposited the rare minerals together with feldspar and 
tjuartz. 

W. C. Brogger was the first to show that chemical re¬ 
placement has played a part in the generation of the complex 
pegmatites. He distinguished three periods of growth, a mag¬ 
matic period, a pneumatolyde period (see back, p. 182) and a 
hydrothermal period; and he describ^ the replacement of 
orthoclase by atbite, of nepheline by sodalite, and other post- 
magmatic changes. A Lacroix, in his great work on the 
minerals of Madagascar, contributed further observations of 
this nature, especially in relation to the lithia-pegmatites. He 
wrote: ** There is no doubt that the lithia minerals are of 
secondary, pneumatolyde origin. . . . The lithia phase is 
always the last act in the history of granitic magmas.” 

Since 1925 mUch attention has been directed to replacement 
in complex pegmatites. In that year F. L. Hess (1) discussed 
the natural history of the pegmatites and emphasi^ the im¬ 
portance of replacement of country rocks by the pegmatite¬ 
forming solutions. W. T. Schatler demonstrated that the 
llthia--p^matlies of Pata, California, have been formed by a 
succession of replacements from an original graphic granite 
composed simply of quartz and microcline. In the first stage 
of replacement lx)th microcline and quartz were partly replaced 
by albite, but the graphic texture of the rock was not wholly 
destroyed. The displaced potash took the form of muscovite. 
At a later stage, garnet and black tourmaline were formed at 
the expense of both kinds of feldspar; and still later, lithium 
silicates replaced to some extent all the minerals already named. 
In the pegmatites of Maine a similar series of replacements was 
traced by K. K. Landes, who judged that black tourmaline, 
beryl, and garnet were formed in the magmatic stage; lithia- 
tourmaline, spodumene, and lepidoiite in the high-temperature 
hydrothermal stage; and lithium-manganese phosphates and 
other minerals at lower temperatures. A. L. Anderson claimed 
with regard to the pegmatites of Idaho that even tourmdine, 
beryl, and garnet are not primary crystallizations but replace¬ 
ments of earlier minerals. W. T. Thaller holds that “any 
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one of these minerals may have more than one generation, and 
reversals of the order of crysuJlization also occur.*’ 

The succession potash-pegmatite, soda-pegmaute, lithia- 
pegnutiie, has now been recognized in many lands and many 
locdities. This order of succession is that of diminishing ionic 
radii (K. 1.88; Na -96; Li -78), which suggests that the small 
sodium ions are able to diffuse into a lattice containing potas¬ 
sium, and the still smaller lithium ions into a lattice containing 
sodium, while the reverse procedure is difficult or impossible. 
This is an attractive idea, but it is not always supported by the 
observed order of formation of the minerals. Thus J. G. 
McLaughlin has recorded pseudomorphs of albite after petaliie 
(sodium replacing lithium) in a pegmatite in Wyoming; and 
Brush and Dana described pseudomorphs of microcline after 
spodumene in pegmatite at Branchville, Connecticut. B. M. 
Shaub says that at Newry, Maine, albite both preceded and fol¬ 
lowed the lithia minerals. 

It is not necessary that all pegmatites should have had the 
same history, but most students of the complex pegmatites have 
found evidence of mineral replacement, usually in the order 
described by Lacroix, Schaller, and others. T. W. Gevers 
claims that in the great pegmatite region of Namaqualand, S. 
Africa, “ there is hardly one species outside feldspar, /^-quarts, 
zircon, and small crystals of apatite and spessartite, that was not 
shown by field evidence and laboratory examination to have 
originated by replacement.” The solutions that effected these 
replacements in pegmatite are believed to be derived from the 
cooling magma. At least we are sure of this: that the solutions 
were hot and charged with mineral matter; that they followed 
channels within normal pegmatite veins and sometimes invaded 
the wall rocks; artd that they followed the same channels for 
long periods, all the while cooling down and changing their 
composition by reacting with the solid silicates. Since residual 
solutions of the necessary character are expectable as end- 
products of the crystallization of granitic magma, most geolo¬ 
gists have been satisfied to accept the magmatic origin of 
the mineralizing solutions and to see the complex pegma¬ 
tites as products of the deuteric alteration of simple granite- 
pegmatite. 
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The AssocunoN op PsGUATrrc with Aplitk 

One of th€ most puMling of the nuiny problems connected 
with pegmstite is the frequent association of aplite and pegma¬ 
tite, representing opposite extremes of granularity, within the 
»me body of granite. Sometimes there is a difference of age 
between them, and then either of them may cut the other; but 
in many instances pegmatite and aplite occupy the same fis.sure, 

•• v'v ji’-N' 

rj. • , , PWMATITI^ * , 

iiionTe'i/. 

no. >7. PatiMiii, will, “d cwitral apUta. Vtiailioo, MibmmU 
[r. F. CrpuU) 

aoowimes one and sometimes the other assuming the central 
position. Alternatively, pockets of pegmatite may develop 
within an aphte dike, and streaks and patches of aplite may be 
preserved within a body of pegmatite. Exceptionally there may 
be a rhythmic alternation of aplite and pegmatite in successive 
curv^ ^eett, resembling Liesegang rings on a large scale. 

Aphte, like pegmatite, is a sack name which covers a wide 

ZHZfl one of the anomalies of 
iMt old-fasheoncd classification of rocks that the mineraloelcaJly 

commercially important pegmatites have re- 

Tr^^AT "*!”*' relatively uninteresting 
aphtes haw been burdened with more tlian a score of specific ” 
names of (he usual geographical type. We shall ignore^such 
trivial names and confine our attention, in this discussion, to 
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«I.«I Ro«„buscl> called ••aplitt i„ ,h, „„ 

^rt.cul.rly to th. only mally co™nH.n variety, 0^.01^^ 
Ih.. 15 a fine grained dik«ock containing the 

^^r.h;rer;a*s ofj?*; cr;s«;srL:- ^ 
those of late crystaJlization (generally quartz and ml^line) 
^typically allotn^orphic, having adapted themselves to such 
s^ccs as remain between the crystals of the earlier mim^is 
Many granites are porphyritic, or at least uneven-grained. But 
in aphte alt the mineral grains liave approximately the same 
size »n<l TOne a better shaped than another, u if all had 

« the same time and at the same rme; thus everJ 
minerals, whatever its composition, inuS 

feres to the same extent with every other grain. This texture i« 
well d^ribed by the adjective “ sugar^rained.'* 

• ki.^ U .pt>mt of distinction between granite and aplite 
IS that the latter is markedly deficient in dark minerals. Mu^ 

« ^cc and tourmaline and garnet 
.« patchy and inconstant. The feldspar is the same as in 
granite, namely orthoclase, microcline, and sodic plagioclase. 
MmeralogicaJly, therefore, aplite differs from normal granite 
m the s^e sense that pegmatite does. No satisfactory oom- 
parison of chemical compositioo can be made on account of the 
diffiwlty of umpling a really coarse pegmatite. Washington’s 
Tabl« include some thirty analyses of pegmatites and graphic 
granites, presumably of the less coarse type, and nearly a 
hundred analyses of aplites, microgranites, microsyenites. and 
paisanites. Many of these analyses are incomplete, minor con- 
«ituen« having been neglected, but most of them include 
determmations of TiO. and P.O, and a few supply data on 
^rU„ Cj, F, S. and Li,0. A rough comparison shows that 
these minor elements and oxides have been recorded jus* about 
as often in the aplites as in the pegmatites, and that their pro- 
I^rttons are of the same order of magnitude. Even the propor. 
tion of combined water is about the same. The rare minerals 
that give a sp^ial interest to pegmatites have not generally 
been observed in aplites, but the following minerals have been 
recorded in certain examples: zircon, xenotime, tourmaline. 
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lopM, allapiie, lepidoUte, spoduntene, egirine, riebeckite. It 
is Uiit to conclude that there is no signiScant chemital difference 
betwevL eplites and pegroatites which occur within the same, 

bodjt ol granite. 
To what, then, may we ascribe the astonishing difference 

in texture between aplite and pegmatite? Kobody doubts that 
the coarse crystalliaation of pegmatite, compared to that of 

normal granite, is ooonected with the greater concentration of 
water in the residuRl solution, and many writers refer conff- 
dently to the presence of “ mineraliters ” in the solution. But 
aplite is also a product of residual solutions, and the chemical 
data which we have cited fail to esublish any chemical differ¬ 
ence between aplite and pegmatite. The explanation of the 
temural difference must therefore be a physical one. In chemical 
laboratory practice one prepares large crystals by permitting 
a saturated solution to cool very slowly, without disturbance; 
whereas rapid cooling and constant agitation of the solution 
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will yield a crop of small crystals, li is difficult to believe that 
the crystallisation of aplite was rapid, even in a relative sense, 
yet the number of centres of crystallization in aplite is many 
times that in pegmatite. 

There is some evidence that the change from aplite to 
pegmatite may be due to recrystallization. N. M. Uspensky has 

Fie. X). A Ttia ot 4pl»-p«gtMUt« ia Uw Snoqnalaua itanodiorila, WMainalOD 
Stale. Mafsifleation )). DMcriptioa oe p IBS. 

discussed this possibility in connection with the pegmatites of 
the Borshov range, in Transbaikalia. These veirvs show bilateral 
^mmetry, with coarse, dru^ graphic granite in the middle. 
Next to this, on both sides, is a zone with perfect graphic 
texture; then a marginal zone of aplite, towards which the 
pegmatite presents a series of curved surfaces and a radial 
structure. The description reminds one of the "scalloped 
growths " in the pegmatite of KinkePs quarry, at Bedford, 
New York, which are formed of alternating bands of pegmatite 

•4 



IM ERUPTIVE ROCKS 

and aplite; and of ihe feldspar “ brushes ” described by E. S. 
Bastin at Topsham, Maine, and the hemispherical growths of 
cleavelandite found by V. C. Shainin at Branchville, Conn. 

Fig. 29 shows an interesting relation between aplite and 
(micro*)pegmaii(e in a narrow vein traversing the Snoqualmie 
granodiorite, in Washington State. The middle member, only 
16 millimetres wide, is a quartz-orthoclase aplite having a grain- 
size of less than 02 cn.m. Some larger quartz grains lie 
irregularly along the middle line. The aplite is bordered on 
each side by a 10 mm. selvedge of micropegmafite consisting of 
blades of orthoclose, 6 to 10 mm. long, which enclose fan-like 
groups of quarts fibres. The wall ro^ is hornblende-biotitc 
granodiorite in which the larger feldspars, measuring about 
9x1 mm., are zoned plagioclase with mantles of alkali-feldspar. 
The passage from granodiorite to mkropegmatite is strongly 
marked on account of the disappearance of tlw dark minerals, 
yet the junction is not an intrusive one. for the radiating texture 
of the micropegmatite shows clearly that the quartz-orthoclase 
intergrowth grew out from the granodiorite walls. The passage 
from pegmatite to aplite marks the limit of this growth. There 
is no indication that the pegmaiitic crysuls were truncated by 
the intrusion of an aplitic liquid, but only that the growth of 
these crystals was stopped by some change of physical condi¬ 
tions. These observations are favourable to the idea that the 
micropegmatite was formed by a recrystallization of the margins 
of the aplite vein, under the influence of residual solutions es¬ 
caping from the granodiorite. 
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CHAPI'BK Xll 

ERUPTIVE ROCKS AND ORE DEPOSITS. 

This is not a study of ore^eposits. It does not start out from 
known occurrences of ore and attempt to establish their mode 
of origin. It Is strictly a continuation of the subject matter of 
the last two chapters, and It attempts to investigate the capa- 
6(Iiiy of eruptive magma and solutions of magmatic origin to 
generate bodies of ore. If certain ores have their source in 
rock-magma, then it should be possible to trace the ore-forming 
elements all the way from place of origin to place of deposition, 
and to study the chemistry of the transporting solutions and of 
the reactions that caused the ore to be precipitated where we find 
it. We shall therefore reverse the usual method of approach. 
Insteod of setting out from an ore deposit and taking sights on 
the neare.<M eruptive rock, we shall start from the petrologist's 
end of the road and see where it leads us. If we meet a body 
of ore-geologists on the way, well and good; if not, it will show 
that the road must be re-surveyed. 

In this discussion we shall use the word *‘ofe'’ in the 
broadest sense, to include such uncommon minerals as beryl, 
lepidolite, pitchblende, monazite, since all of these are ** ores” 
in modern metallurgical practice. We shall be concerned only 

I with those primary ores which are closely connected with erup¬ 
tive rodts. With secondary or oxidized ore we have nothing 

to do. 
The belief (hat residual solutions from crystallizing rock 

magma, which may already have generated pegmatites and 
quartz-veins, are capable of depositing ore in and about the 
parent rock, grew out of (he studies of A. Daubr^ on (he 
genesis of tin deposits. The evidence, which we have already 

ISO 
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summarized (p. 161), proved so convincing that it had the effect 
of blinding many geolc^ists to other possible sources of ore. 
How widely a belief in the magmatic origin of ore has been 
accepted, we may deduce from the following statements by 
recent writers on ore deposits:— 

" Ic bold that hypothermal and metothermtl depooits are fornned 
emanations from intrusive rocks, Mnerallr bstbolitiu.*' (W. Lindgren, 
1SS8.) 

** It is now generally conceded that a very large group of orwdepoeits 
was deposited by eolutlons differentiating from magmas." (P. F. Osborne, 
1937.) 

" Probably moat geologists would agree that ore-deposits sre generally 
derived from huge bodies of igneous material." (C. N. Fennor. 1940.) 

“ (Magmatic) waters and vanors have become almost univeraaliy so 
cepted as the cauMttve agents of most epigenetic ore dopositt." (A. M. 
Batemsn, 1943.) 

It is interesting to note the choice of verbs in these state¬ 
ments; it is held; it is conceded; would agree; universally 
accepted. Rightly or wrongly, one gets the impression that 
each of these writers was expressing the fashionable view rather 
than a deep personal conviction. It is our purpose in this 
diapter to examine the foundations of this widely held belief 
in the power of magmatic solutions to generate ore deposits. 

We have already discussed the composition of the residual 
solutions from crystallizing rock-magma. We need only recall 
that the average eruptive rock contains nearly sixty per cent 
of feldspar; that the later the feldspar crystallized, the richer it 
is in alkalis; and that the great majority of rocks contain no 
significant proportion of any acid stronger than silicic add. 
The conclusion is unavoidable that the residual aqueous solu¬ 
tion from the crystallization of such a rock must contain 
abundant sodium and potassium ions, together with weak 
aluminium-silioon-oxygen anions; that is, it must be definitely 
alkaline in character. 

This is contrary to the opinion of many or^geologists, who 
find it necessary to postulate add solutions as carriers for the 
common heavy metds, and who point to (he presence of 
chlorine, fluorine, and sulphur in most eruptive rocks that have 
been completely analyzed. But according to the data of Clarke 
and Washington, which we quoted on p. 31, the average 
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eruptive rock contains only 0-09 per cent of chlorine, 006 per 
cent, of sulphur, and 0*08 per cent of fluorine. Even if these 
elements are entirely primary (a questionable assumption as 
regards both sulphur and chlorine), and even if the whole 
amount of each should be concentrated in the residual liquid 
(another questionable assumption), it is surely beyond dispute 
that these small amounts of strong anions must be outweighed 
by the weak aluniinium*silioon*oiygen anions and the strong 
sodium and potassium cations, and consequently that the 
residual liquid from any feldspathic or feldspathoidal magma 
must be alkaline. 

This conclusion does not shut out the possibility that a 
certain arr>ount of acid vapow may be formed if the presence 
of open channels permits boiling of the alkaline liquid to take 
place. This possibility has been explored by N. L. Bowen, 
and it is thought to be illustrated by (he Kaimai fumaroles, 
the chemistry of which was studied by Allen and Zies. The 
steam was found to contain 0117 per cent of HCl, 0'0S2 per 
cent of HF, and OOSd per cent of H,S. The mineral incrusta¬ 
tions about (he fumaroles were studied by E. G. Zies, who 
found (he most abundant metalliferous deposit to be magnetite. 
Chemical and spectroscopic analysis of the incrusrration showed 
a small content of lead, zinc, copper, and manganese, as well 
as traces of molybdenum, tin, nickel and cobalt. 

If acid solutions are necessary to explain the genesis of cer¬ 
tain ore deposits which are assumed to be of eruptive parentage, 
then boiling of the residual liquid from crystallizing rock- 
magma seems to be the only way in which these solutions can 
be supplied. With the Katmai illustration before us, it U not 
difficult to believe that certain near-surface (epithermal) ore 
deposits may have been formed or modified by acid vapours, 
but it would not be permissible to extend this conclusion to 
deep-seated (hypotbermal) deposits. It is most unlikely that 
boiling can take place under plutonic conditions. G. W. 
Morey has discussed this question; he considers that under 
deep-seated conditions the pressure will always be so high as 
to make boiling impossible. P. Niggli seems to share this 
opinion, but Bowen thinks it possible that " pegmatitic liquid 
sometimes boils even at rather considerable depths." In view of 



RRUrnVB ROCKS AND ORE DEPOSITS in 

this difference of opinion, and in the total absence of direct 
evidence, it will be wise to concede the possibility that acid 
vapours may participate in the formation of some ore deposits. 
Yet when we compare the high proportion of strong ba^, in 
the average eruptive rock, with the trivial proportion of strongly 
acid radicles, it is difficult to evade the conclusion that the 
problem of eruptive ore deposits must be discussed primarily 
in terms of alkaline solutions. 

In this discussion we shall find it convenient to follow 
J. H. L. Vogt (1) by making a distinction between oxidic ores 
and ruiplitdtc ores. The former are oxides and oxygen salts 
(silicates, aluminosilicates, phosphates, tilanates, etc.); the 
latter are sulphides and the related arsenides, antirrtonides. 
selenides, tellurides. A parallel distinction was made by V. M. 
Goldschmidt between lUhophiU and chalcophUe elements. The 
latter term, meaning “ copper-loving,” does not seem well 
chosen; it will be more appropriate to use thiophiU (sulphur- 
loving) for the elements in question. Lithophile elements yield 
oxidic ores; thiophlle elements yield sulphidic primary ores. 
The basis of the distinction rests on the energy of combination 
of tlie elements. Those that have a high energy of oxidation 
have combined with oxygen in nature and are lithophile; (hoso 
with a low energy of oxidation have generally failed to secure 
oxygen and have instead combined with sulphur or arsenic; 
they are thiophile. A few metals, particulariy iron but also 
manganese and tin, form both oxidic and sulphidic primary 

ores. 

The Genesis of Oxidic Orbs. 

We have already reviewed the evidence relating to the tin- 
tungsten ores (p. 161) and the pegmatites (p. 178). This evidence 
has convinced most if not ail geologists that the tin-tungsten 
group of minerals and the lithium-beryllium-tantalum group 
were formed by magmatic residual solutions escaping from 
bodies of granite. Proof is beyond our power, but the evidence 
is so strong and so consistent that the conclusion is probably 
as soundly established as most geological belief. 
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This conclusion is justified by the chemistry oi the metals 
concerned. In a solution which contains chiefly sodium and 
potassium ions, tocher with weak aluminum-silicon-oxygen 
anions, one mjght expect to find small quantities of certain 
related elements, namely: 

(1) elements related to sodium and potassium; 

(2) elements having some relationship with aluminium; 

(iQ elements whose oxides form soluble salts with the 
alkalis, in this respect resembling silica. 

Group 1. The elements lithium, rubidium, and ctesium 
are so closely related to sodium and potassium that it is a 
matter of considerable difficulty to separate them. The ionic 
radii are as follows: 

Li 078; Na (h96; K 1-33; Rb 1-49; Cs 185, 

hence lithium is to be expected in association witli sodium, 
CRsiuru and rubidium with potassium. Lithium differs from 
the other alkaliwnetals in not forming a feldspar, yet the albit^ 
rich pegmatites are the chief source of lithium ores, and sodium 
and lithium are mutually replaceable In such minerals ns spodu- 
mene, tourmaline, amblygonite, Uthiophiliic and natrophilite. 
Rubidium oxide has been found to the amount of more tlian 
three per cent In mlcrocline and over one per cent in mica 
(F. W. Clarke). A little cesium accompanies the other alkali 
metals in some varieties of mica and beryl, and it forms the 
rare silicate polludte which is related in composition to leucite. 

Croup 2. Nearly related to aluminium arc the rare ele» 
ments of the cerium group, together with yttrium, scandium, 
and gallium. These elements are both trivalent and quadriva¬ 
lent. When trivalent, they seem to be Interchangeable to a 
ceruin extent with aluminium, as in the mineral allanite. Boron 
too is believed to substitute for aluminium in some silicates, 
notably tourmaline and danburite. Beryllium, which of all the 
metals has the smallest atoms, is always associated with 
aluminium and silicon, the elements closest to it in ionic radius 
(B® 0’34; Si 0*99; A1 857). Goldschmidt suggests that beryl¬ 
lium may to a small extent replace either aluminium or silicon. 
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Group 3. Th« oxides of a number of metals, mostly those 
of high valence, are either amphoteric or definitely acidic in 
character and consequently form soluble salts or at least hydro- 
sols with the alkalis. Aluminium and beryllium fall into this 
category, and the others are as follows 

Valence 2: lead, sine, manganese; 

,, 3: vanadium, chromium; antimony, arsenic; 

I, 4: zirconium, hafnium, thorium, titanium, tin, 
gallium, germanium, molybdenum; 

„ 5 : columbium, tantalum, bismuth; 

„ 6: tungsten, molybdenum, uranium. 

Most of these metals have more chan one valence, but the 
primary ores, as a rule, exhibit only one of the possible 
valences. Five of the metals named are thiophile and may be 
omitted from this discussion; these are lead, zinc, arsenic, anti¬ 
mony, and germanium. Bismuth trioxide has no acidic charao 
ter, but (he pentoxide Bi|0, is feebly acidic and forms salts 
such as sodium bismuthate; this compound, however, is imme¬ 
diately reduced by ferrous and manganous oxides, so it could 
not possibly be present in rock-magma. Nevertheless bismu- 
thinite (Bi«Sa) and native bismuth are rare constituents of some 
pegmatites. Molybdenum, in its commonest ore, molybdenite, 
is quadrivalent and then thiophile, but a little molybdenum is 
associated with tungsten in scheelite and is then hexavalent and 
lithopbile. (Wulfenite and other rare molybdates are oxidized, 
not oxidic, ores.) 

In the case of vanadium, chromium, and manganese, the 
stable oxides V|0«, CrjO,, and MnO are basic and do not 
form salts with the altcMis. 'Fbe higher oxides V,0„ CrO„ 
and MnO, are acidic, but they are only generated under 
strongly oxidizing conditions which are not realized in deep- 
seated rock-magma; this is an unescapable deduction from the 
almost invariable presence of ferrous oxide in eruptive rocks. 
(The chromate, crocoite, and the vanadate, vanadinito, are 
oxidized, not oxidic ores.) Consequently one would not expect 
to find vanadium and chromium in association with the other 



KAUPTIVE ROCKS jse 

Cliemical analysis, supplemented by the spectroscope, has re¬ 
vealed traces of ail these elements, as well as many rarer ones, 
in eruptive rocks. Sedimentary and meumorpbic rocks have 
tkoc been analyzed so frequently or so cotnplct^y as eruptives, 
but there is no reason to doubt that they too carry small quan¬ 
tities of the thiophile elements. Nickel, cobalt, zinc, copper, 
lead, silver, and gold have all been detected in sea-water and 
must therefore find their way into sedimentary rocks. A man¬ 
ganese nodule dredged from the ocean floor by the Challenger 
expedition was found to contain weighable proportions of 
nickel, cobalt, zinc, copper, lead, thallium, vanadium, and 
molybdenum. It would not be wise, therefore, to assume that 
all ore is derived from eruptive rocks. The data of Clarke and 
Washington show that the total amount of the five thiophile 
elements, nickel, copper, zinc, cobalt, and lead, in the average 
eruptive rock, is less than the amount of zirconium alone; and 
even the rare-earth metals (cerium, yttrium, etc.) are more 
abundant than copper, lead, or zinc. 

Neverthelcas a few sulphidic ores are common minor oon- 
stituenis of eruptive rocks. Chief among them axe pyrite, 
pyrrhotite, pentlandite, and chalcopyrite. It used to be 
thought that these ores had crystallized along with the asso 
dated silicates; but the introduction of the reflecting micro¬ 
scope has shewn in countless instances that the sulphidic ores 
are not contemporaneous with the rock-forming silicates but 
were introduced after tiie completion of the magmatic stage of 
crystallization. As an illustration we may cite the Engels 
copper deposit in California. It was claimed in 1914 that 
*'thc ores are of direct magmatic origin"; yet Graton and 
McLaughlin showed, a few years later, that " the ores, instead 
of being magmatic in the sense that they were initial con¬ 
stituents of the dioriiic rock in which they occur, were intro¬ 
duced after the rock had solidified and had suffered notable 
dynamic and chemical changes." 

It appears in an increasing number of instances that the 
distribution of ore in an eruptive rock is controlled by fissures. 
This is the case at Bingham and Butte, where the ore occurs 
in a much shattered quartz-monzonite. At Sudbury, according 
to Tolinan and Rogers, " Very often the ore is concentrated in 
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those portions of the intrusive which have suffered brecciation 
during intrusion." In a.recent study of the Mount Prospect 
area, Connecticut, E. N. Cameron found that the distribution 
of the iron^opper>nickel sulphides in norite was controlled by 
" fractures, microfaults, microshear zones, and mineral 
cleavages." Evidence of this kind does not disprove the mag¬ 
matic origin of the ore but makes it less certain than it seemed 
to an earlier generation of geologists. 

The same pegmatites and quartz veins that carry oxidic 
ores may carry sulphides too, particularly pyrite, arsenopyrite, 
molybdenite, occasionally bornite or chalcopyrite, and some¬ 
times bismuthinite or galena. Nevertheless the vast majority 
of pegmatites and quartz veins in and near eruptive bodies are 
barren of ore, and there is no evidence (within the writer's know¬ 
ledge) that quartz veins of eruptive parentage ever lead or grade 
along the strike into large bodies of sulphidic ore. According 
to L. C. Graton, the experience of mining geologists is that 
when ore veins and pegmatites occur in the same region, the 
ore veins are rvot continuous with the pegmatites but nearly 
always intersect them. Graton therefore concludes that " most 
ore-deposits did not come through the pegmatite lineage." 

From the chemical angle, there is no apparent reason why 
the thiophile metals should be present in magmas and solutions 
of which the main components are siftca, alumina, and alkalis. 
According to J. H. L. Vogt (2) the sulphides of cobalt, nickel, 
lead, silver, and copper are only soluble in silicate melts in 
minute amounts of the order of 0*01 to OflQS per cent. It is 
true that even these minute quantities might give rise to sizeable 
ore deposits If all the sulphides in a large b^y of rock-magma 
could be collected and concentrated in one spot; but then the 
question arises whether a hydrous magma or solution would 
deposit the metals as sulphides or as oxides? In the presence 
of water the following reaction may be expected to take place: 

RS + H.0^R04H,S. 

If H,0 were in considerable excess over H^S, this reaction 
would proceed towards the right and the heavy metals would 
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be precipitated as oxides (or other oxygen compounds) instead 
ol sulphides. Only a very high concentration of H,S in the 
magma or solution could bring about the precipitation of sul> 
phides, and there is no evidence that the concentration is high. 
The gas collections made at Kilauea (see p. 85) show water in 
great excess over sulphur, and the Katmai fumaroles (p. 193) 
yielded only trifling amounts of H^S. The chief deposit of 
the.se fumaroles was magnetite. 

Some writers have invoked alkali sulphides as solvents for 
sulphidic ores. Concentrated solutions of alkali sulphides will 
dissolve the sulphides of certain metals, forming thio>salts such 
as sodium thiostannate (Na,SnSi). Magmatic solutions may per¬ 
haps contain a small proportion of alkali sulphides, hut there is 
no suggestion that they are ever concentrated solutions of these, 
so it seems that their capacity for transporting sulphides of the 
heavy metals is negligible. R. M. Garrets found that iron is 
soluble only to a very small extent in sodium .sulphide melts, 
so he claims that ** alkali sulphide solutions are incapable of 
carrying more than minute amounts of iron in solution." 

May we then suppose that the heavy metals were present 
in the magma in the form of silicates, and that the sulphide 
ions were contributed 6y ground water? This would remove 
one of our difficulties. It would be possible to explain on these 
lines the frequent occurrence of the sulphides of iron, nickel, 
and cobalt in magnesium-rich rocks such as gabbro and norite. 
The ionic radii of these four metals are: 

Mg 0-78; Nl 0-78; Co 0-83; Fe" 0-83. 

It'Is well known that these nvetals are capable of a high degree 
of tonic substitution In their salts. Magnesian minerals such 
as ortb>pyroxene and olivine commonly hold a considerable 
percentage of ferrous iron and often a little nickel '(sufficient 
when concentrated by weathering to form commercial nickel 
deposits). It is possible that nickel and cobalt, as well as iron, 
were originally contained in the magnesian silicates of gabbroic 
rocks, and that they were later converted into sulphides by 
percolating solutions containing hydrt^en sulphide, derived 
from the country rocks. But then the three heayy metals could 
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hardly be set free to combine with sulphur unless Uie m«g* 
nesium silicates were deeply decomposed, and in many instances 
the rock is notably fresh. 

The actual proportions of cobalt, nickel, vanadium, and 
chromium in certain magnesian rocks have been determined 
spectroscopically by R. L. Mitchell and by P. H. Lundegardh. 
^me of their data are reproduced below. 

GreasUod S««du 
FtridtNU 

Swedan 
V •021 ■05 -006 per cent 
Cr ■023 ■008 0005 .. 
Co •007 004 •02 
Ni •020 ■009 -045 

To form a workable ore deposit from these trivial quantities 
of metal, dispersed through a Urge body of rock-magma, 
demands a remarkably efficient process of concentration. We 
have already formed the opinion that magmatic residual solu¬ 
tions do not have the necessary chemical character to transport 
and deposit sulphides of the heavy metals. Acid vapours 
escaping from the magma at places of reduced pressure may 
transport these meuls in the form of chlorides or fluorides, 
but the example of Katmai shows how very small the amount 
so transported is likely to be. To explain the concentration of 
large bodies of sulphidic ore, another mechanism must be 
sought. 

The very complete separation of matte from slag in metal¬ 
lurgical operations has suggested that 9xtohttion of H^uui 
sulphides from silicate magma may take place in nature. This 
hypothesis was first employed by A. P. Coleman to explain 
the copper-nidcel ore bodies at the base of the Sudbury lopolith. 
Coleman showed that there is a direct relation between the 
diickness of the great gabbro sheet and the bulk of the ore 
bodies beneath it; and further, that the massive sulphide ore 
often occupies hollows in the floor of the intrusion, as U a heavy 
sulphide liquid had accumulated there. P. A. Wagner arrived 
at A similar explanation of the genesis of the copper-nickel ores 
in the Bushveld complex. Wagner expressed the opinion that 
" the disseminated sulphide specks (in the norite) were in their 
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original form droplets of non*consolute iron^nickel-copper 
matte "; and that *' there is the strongest presumptive evidence 
in favour of regarding the ore4K>dics as local aggregations of 
such matte droplets.*' 

Further support for this hypothesis comes from D. L. 
Scholu, who has studied the copper«nickeI ores of East Griqua* 
land, ^uth Africa. He mainuins that *‘the ore which 
separated from the magma was concentrated in the basal zone 
by gravitational differentiation, to form pools within hollows 
and irregularities in the floor of the intrusion.*' Scholu com* 
puted that droplets of ore, two millimetres in diameter, would 
sink-through the magma almost four times as rapidly as olivine 
crystals of the same dimensions., Still another supporter of 
the exsolution hypothesis is G. C. Kennedy, who has applied 
it to the copper-nickel deposits of Yakobi Island, S.B. Alaska. 

These observations made in different r^tons by Coleman 
and others almost compel us to recognize exsolution of sul¬ 
phides as a real and active process. But this view has met 
considerable opposition at Sudbury, where (here is evidence 
of hydrothermal action. A more serious objection is that the 
proportion of (hiophilo metals in ordinary gabbro (excluding 
iron in the oxidized state) is so small that it is difficult to under¬ 
stand how tlie ore could be so effectively separated from the 
abundant silicate matrix by gravity alone, and why it should 
have separated in the form of sulphide rather than oxide or 
silicate. Until we have experimcnial evidence of the solubility 
of sulf^ides of the heavy metals in liquids of the composition 
of gabbroic magma, it will be unwise to accept exsolution of 
sulphides as a complete explanation of the iron-copper-nickel 
ore bodies. Even if exsolution of these ores were proved, it 
would only supply part of (he answer to (he problem of sul- 
phidic ore in general. It would leave the intrusive ore veins 
unexplained, especjalty those which contain gangue as well as 
ore. For these an explanation is still to be found. 

In 1933, J. E. Spurr abandoned all the traditional concepts 
of ore-genesis and daimed that many of the massive sulphide 
deposits have been formed by direct injection of an “ore 
magma.” He affirmed, with regard to certain Mexican de¬ 
posits, that *' the ore was intrusive in a fluid but highly con- 
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centrated state, containing no more water than basic igneous 
rocks "; and further, that “the Potosi veindike is the result of 
crystallization of a relatively dry and viscous ore magma.“ In 
the case of the Mendota vein, in Georgetown, Colorado, Spurr 
wrote that it opens up from a mere crack to “ a strong vein one 

Fro. 80. HorUoatal Mction ot part at tka ll«n. 
dota wIa, Colorado. IsoUtod tUBpt ot (raaiu 
an anclMod la aoUd ora. b, blaDde, c, fraalto. 

<J. E. Spurr.) 

to four feet wide, Ailed with blende (with pyrite) inclosing 
numerous angular fragments of the wall rock. . . . These 
fragments are neither rounded, corroded, nor replaced." He 
therefore concluded that the vein was filled all at once, “as if 
a solution froze into metallic sulphides." 

Spurr says that the ore-magma, as he conceives it, “ is 
not the residual fluid expelled from igneous rocks during forced 
crystallization, but is a special magma developed at the deep 
zone where rock difTcrentiacion takes place. . . It is a highly 
specialized form of igneous magma." 

At first sight, Spurr's hypothesis does not seem to differ 
widely from that of Coleman, Wagner, and Scbolu. All four 
authorities derive an ore fluid by ersolution (or more vaguely 
by " differentiation ") from a silicate magma. But for Cole¬ 
man, Wagner, and Scholtz, exsolution took place after the 

•5 
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gabbroic magma had reached its final position and some degree 
<iS crjsulliaation had occurred; whereas for Spurr the differen¬ 
tiation of the magma was deep-seated and the ore-magma foU 
Jowad the silicate magma into place. Spurr wrote as follows r 
•' In general the igneous rock and the specialized ore magma 
are dose together in depth, so that the first adjustment frac¬ 
tures of the consolidating intrusive tap the latter" («.«., the 
ore magma). It may be possible to harmonize these conflict¬ 
ing views, but only Spurr is in a position to do so. 

A further elalwration of the ore-magma concept has given 
us the "abyssal theory," according to which the separation of 
ore from silicates took place when the earth was cooling down 
from the liquid stage of its development. C. H. White con¬ 
tends that " the ores of the heavy metals for the most part were 
depressed to abyssal depths before a solid crust was formed, 
and were later carried up and deposited in the crust when it 
was fractured by earth movements." White’s idea seems to 
cofflbiite V. M. Goldschmidt's concept of a zone of sulphides 
and oxides, lying between the lithosphere and the iron core of 
the earth, with Spurr's theory of intrusive ore-magmas. 

It is unprofitable to discuss what may happen in abyssal 
depths, but one is left wondering how a dense ore-magma could 
be raised from such great depths to the upper levels of the litho¬ 
sphere. Goldschmidt's sulphide-oxide zone was supposed to 
lie seven to eight hundred miles beneath the earth’s surface, 
and most geologists have assumed a thickness of this order for 
the silicate shell of the earth. 

Conclusion. 

We have seen that there is ample support, from the cbemis- 
try of rock magmas, for the claim that ores of tin, tungsten 
tantalum, beryllium, and other lithophile elements are derived 
from bodies of eruptive magma. But in the case of the thio- 
phile elements, evidence of this nature is scanty and unoon- 
yinciRg. The small amount of direct evidence that we possess 
indicates that the solubility of the thiophile metals, In silicate 
magmas containing sulj^idc Ions, is very slight; and that 
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the residual aqueous solutions from these magmas are incap* 
able of transporting the sulphides of the heavy metals In 
appreciable amount. Graton’s conclusion that sulphidic ore 
deposits do not come through the pegmatite lineage seems to 
be fully justified. Transport by acid vapours may account 
for some relatively small bodies of epithermal ore, but this 
explanation Is not applicable to the much more extensive hypo- 
thermal deposits. Exsolution of sulphidic ore in liquid form, 
from magmas of gabbroic composition, is supported by strong 
field evidence; but this process docs not seem capable of afford* 
ing an explanation of all sulphidic deposits. Experimental re* 
search on the behaviour of metallic sulphides in hydrous silicate 
melts is greatly needed; without it, many of the claims that 
have been ma^ about the magmatic origin of sulphidic ores 
must be held to lack adequate backing. 
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CHAPTER Xlll 

THE CLASSIFICATION OF ERUPTIVE ROCKS 

CLA55iPiCATiON begins when people give names to things. 
When certain rocks, such as baiult, porphyry, and granite 
wre given these distinctive names to mark certain differences 
in their appearance, the classification of rocks was set afoot. 
Tltls kind of classification is what John Stuart Mill calls “ a 
mere incidental effort consequent on the use of names,” and 
because popular names are generally given to things in a very 
loose way, without careful discrimination, so the resulting 
classification is a very imperfect thing. We shall find it con¬ 
venient to refer to it as a c/arri/tcolion of Ike first kind. 

At a later day, when the objects attract the critical atten¬ 
tion of science, another kind of claarification becomes nece^ 
sary, in which ^e most suitable grouping of the objects is the 
first consideration, and the naming of them Is a secondary 
matter which is governed by the grouping. This we may call 
a ctassiftcoUrin of lk« suond kind. Of this kind of classifica¬ 
tion, Mill says 

J J *“• '^arded, ii a cootrfvanct for the best poetibte 
ordering of the ideal of obreeis in our mind: for cauctna the IdM to 

or tucoeed one another In mch a way a* shdl give ui the 
g<^ mmand our knowl^e already aa,ujred, antf lead moat 
diwdyto tne tcfluUUon of mort/* 

“The Miral problem of cItaaiScadon, In reference to these Dur- 

itated M followi: To provide that thing! ihatl be tho^t 
of in wch grom. and Umm ^pa in such an order, aa will beet oon^ 
I® the remembrance and to the aacertainnwnt of tbeif lawi.'' 
■ ^ ^entiflc cUaiUtcation are beet aneverod when the 

Into gfoUM reipming which a greater number of 
yneral pryoiltlorii can be made, and (hote propoenlone more important. 

diSrib^SL^'*''® leinethlng. 

Now petrography has a highly developed classification of 
the first kind, for more than six hundred distinct names (not 

SOS 
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counting compound names) have been given to eruptive rocks 
to mark minute points of difference between them, and new 
names are still being coined at the rate of ten or twelve a year. 
But of the way in which this classihcatton has grown up, it has 
been said with entire justice that the method of petro. 
graphers in proposing names, so far as any method is dis¬ 
coverable. is to give an independent name to each rock which 
is slightly different from any previous rock found, without 
reference to any definite plan of nomenclature.*' (C. R. van 
Hise.) 

To emphasize petty differences between one rock and 
another, while ignoring fundamental points of resemblance, is 
(he very antithesis of classification. It is proper to establish 
varieties within on accepted /ronuwork, but to set up a multi¬ 
tude of so<alted species without regard to any framework at 
all is simple anarchy. 

To make matters worse, the names that have been longest 
in use, which were in the b^inning mere popular names of 
the loosest kind, based on colour and other trivial characters, 
have gradually acquired a kind of sanctity and have dominated 
all attempts at classification, instead of the classification domi¬ 
nating the names. Some of our most used names, like granite, 
syenite, porphyry, obsidian and basalt are of great antiquity; 
others including gabbro, diabase, dtorite, trachyte and phono- 
lice date from the beginning of the nineteenth century, when 
geology was still undecided whether such rocks had been 
formed by fire or by water. The names have sometimes 
changed their meaning, but through all changes they have 
persisted and have dominated every attempt at classification. 

If we wish to set up a classification of the second kind, to 
take the place of the disorderly rabble of names that passes for 
a classification now, we must first resolve that we will not 
allow ourselves to be dominated by names. If an existing 
name, indicating a supposed " species ” of rock, cannot be 
made to conform to the boundaries of a new and well reasoned 
classificatioo, it is not to be assumed that the method of classi¬ 
fication is wrong. It is much more likely that'the name is 
wrong, in the sense of having been given without due dis¬ 
crimination between like and unlike or essential and inessential. 
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But it u not only against ^li-de^ined rock names that we 
have to be on guard; it is no less necessary to protect our* 
selves against premature and ilI>conceived hypotheses about 
primordial magmas, magmatic differentiation, consanguinity, 
petrological affinity, and similar rigmarole. We shall make 
no progress in understanding and classifying rocks until we 
cast all such speculative lumber overboard, along with (he 
belief (hat every rock name defines a " natural species." 

In the quotation which we have placed at the head of this 
chapter, H. Rosenbusch affirmed that a natural system of rocks 
must be historical, that is, genetic. With -this we agree, but 
add that it roust be based on the faeU of rock genesis and not 
on any hypothesis. The genesis of an eruptive rock is the 
oooling-history of a rock>magnui. It follows that the character 
of a rock is determined by the chemistry of the magma, the 
physical conditions under which crystallization took place, and 
the stabiIity>relaiions of the rock-forming minerals; in short, 
the problems of petrology are problems of physical chemistry. 
The classification of rocks must therefore be b^d on physic^ 
chemistry, as far as our slender knowledge permits. 

Now (he chemistry of a rock-magma can never be the sub¬ 
ject of direct study; we must be content to deduce what we can 
from the cberoistry of the rocks formed by it. The physical 
conditions can only be studied directly in the case of surface 
magnva; for deep magma we have to rely upon deductions from 
the texture of the rock and its geological environment. But 
the minerals formed in the course of crystallization can be 
observed directly, and their stability-relations can be ascer¬ 
tained partly by microscopic study and partly by experiment 
in the laboratory. 

We must now inquire what help we can derive from the 
chemical analysis of rocks, from their texture, their geological 
environment, and their mineralogical composition, in the 
attempt to set up a genetic or phy$ioo<hemtcal classification of 
eruptive rocks. 

Thk Use of Chemical Analysis in Classification 

It is often assumed that (he bulk analysis of an eruptive 
rock indicates the composition of the magma from which that 
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rock crystallized, save for the loss of an insignificant proporr 
tk>n of water and other fugitive constituents. Those who make 
this assumption close their eyes to such possibilities as the 
sinking or flotation of early-formed crystals in the magma; the 
separation of residual liquid by earth-pressure or gas-stream¬ 
ing; the marginal assimilation of country-rock; and hydro 
thermal reactions such as albitization. We have already dis¬ 
cussed these processes and have found them to be so important 
as to justify the claim that the composition of an eruptive rock 
must often be very different from that of the magma that gave 
birth to it. If any further illustration of this truth is required 
let us turn to F. F. Grout's account of the differentiated sill al 
Pigeon Point, Minnesota. This sill is believed to have been 
injected as a homogeneous basaltic magma, yet from this 
magma there were formed both olivine-gabbro and a red rock 
of granitic composition. Chemical analysis of these rocks 
shows how gready they differ from each other, and how both 
differ from the intermediate rock which perhaps corresponds 
more closely to the parent magma. 

OUvlmt Kt4 Rptk 
t*hbtp K»<k {Gramtt) 

SiO, 4»-88 6798 72-42 
AI.O, 18-65 13-58 1304 
Fc,0, 2-08 311 -68 
FeO 837 8-68 2-49 
MgO 577 2-87 ■68 
CaO 970 2-01 66 
Na,0 259 3-56 3-44 
Kfi 68 844 497 
TiO, 119 1 75 •40 
Rest 1-81 293 1-66 

lOOlO 9991 10033 

Even if future investigation should show that the red rock 
at Pigeon Point b slightly younger than the gabbro, like the 
red rock at Sudbury, that would not invalidate the conclusion 
drawn here, for the two rocks are so intimately associated that 
one can hardly doubt their common origin. 

There arc certain deep-seated rocks that are composed 
almost entirely of a single mineral such as olivine, hypers- 
thene, or lime-rich plagioclase. No lavas ctf similar com- 
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position have ever been discoveredi and the reason is simply 
that the melting points of the minerals mentioned are well 
above the normal range of magmatic temperature. It seems to 
be beyond dispute that these rocks were not formed from 
mugmaft of their own composition. There are even rocks com* 
posW of almost pure chromite, which has its melting point in 
the neighbourho^ of 1650* C.{ it Is inconceivable that these 
rocks crystallized from a magma of their own composition. 

Whenever one finds a porphyritic rock with insets so 
large and so numerous that they would cause the chemical 
composition of the rock to differ widely from the average com* 
position of rocks containing the same association of minerals, 
then there is reason to suspect enrichment by settling or 
floution of crystals. This applies to plagioclase-ricli basalts 
such as the " Porphyritic Central’' type in the Hebrides; to 
olivin^rich basalts such as the *' ebrysophyres ” of Hawaii; to 
augite*rich rocks such as the " augilites ” of Kenya; to Icudt^ 
rich rocks such as the “italite” of the Alban Hills; and to 
many orthoclasisrich porphyries. The bulk composition of 
any erne of these rocks must be very different from that of (he 
magma that gave birth to it. 

But if the chemical composition of a rock is no reliable 
guide to the fixed constituents of a magma (and it is certainly 
none to the fugitive constituents), then it must follow that 
chemical aiialyrit dots not provtdt a sttiUtbU basis for Iht 
genstic elassification of rocks. It is simply misleading to refer 
a rock to a particular “ magma*typc ” on the basis of chemical 
analysis alone. Only the most direct and complete field* 
evidence can put us in a position to correlate a particular rock 
with a particular magma. 

Not only does the bulk analysis of a rock tell us little of 
the magma from which that rock crystallized, but it fails even 
to indicate the mineralogical composition of the rock itself. 
This is convincingly shown by the two analyses given below. 
Except for a small difference in silica content the two analyses 
are remarkably simitar, yet one of the analyzed rocks is a 
hornblenditc containing more than ninety per cent of horn* 
blende, and the other a dolerite composed of plaglodase, augite 
and olivine. The figures are taken from Wa^ingion's Tables. 
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A B 
SiO, 44-78 42-68 
Al,0, 9-88 9-68 
Fe,0, 4-51 4-97 
(l''e,MD)0 10-47 
.MgO 1686 16^97 
CaO l(h86 11-54 
Na«0 2-24 2D1 
K,U -20 -64 
TiO, •74 •94 

On tlie other hand, if the mineralogical composition of a 
rock is acurately known, it is possible to arrive at its chemical 
composition by simple computation. As an illustration of the 
degree of success which is attainable in this matter, we shall 
quote an investigation by J. P. Iddings of the granite of Butte, 
Montana. The minerals present in the rock are quartz, ortho- 
clase, plagioctase, biotite, hornblende, pyroscene, magnetite, 
pyrite; and their proportions were determined by the method 
of linear measurement of thin sections. The average compos!* 
tion of each mineral is known; multiplying this in each case 
by the quantity concerned, Iddings estimated the cliemical 
composition of the granite to be as in Column I. An actual 
chemical analysis of the rock, by H. N. Stokes, is quoted in 
Column II. 

1 

StO. 
Al.O, 

64 88 
1642 

Fe,0. 1-48 
PeO 2-89 
MeO 201 
CaO 486 
Na,0 297 
K,0 4 11 
H,0 •67 
Rest 70 

n 
Dtitrmimtd ky Amstyiii. 

64 S4 
16-72 

2-94 
2-17 
424 
276 
404 
1-01 
•97 

99 68 99-81 

This is an extremely good agreement; much better, it must 
be said, than could be expected in every case. It shows that 
it is possible to deduce the chemical composition of a rock 
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from its mtnerak>gical composition much more accurately than 
one can perform the reverse operation of deducing the 
mineralogical composition from a chemical analysis of the rock. 

It will be instructive to see how the results of chemical 
analysis are employed in the two best-known chemical classU 
hcations of rocks. In the Norm system of Cross, Iddings, 
Pirsson and Washington, the oxides are recalculated into 
simple mineral molecules, which are cither actual rock-forming 
minerals or else end-members of the great ionic substitution 
series. Thus plagioclase feldspar is represented in the norm 
by albite, anorthite, and minor quantities of orthoclase and 
nepheline; augitc appears as hypersthene, diopside, acmite 
and corundum; hornblende is represented by the same mole¬ 
cules as augite; and biotite by orthoclase, olivine and corun¬ 
dum or hematite. What the norm system does, in eHect, is to 
take the complex solid solutions apart and exhibit their 
hypothctkal components separately. The norms of the two 
analyses A and B given on we Sll are as follows 

A B 
ortboclaac 111 834 
albite 11-00 314 
anorthite 1500 1557 
nepheline 4-26 788 
diopside 81-04 31 10 
otivine 28 76 20-42 
magnetite 6-50 7-19 
ilmenite 1-37 1-82 
apatite — 101 

In the of rock B the molecules of orthoclase, albite, 
and most of the anorthite that appear in the norm are actually 
present in the rock in the form of plagioclase. The normative 
nepheline corresponds perhaps to soda-anorthite in the plagi<^ 
clase, since no nepheline actually appears in the rock. Norma¬ 
tive diopside corresponds closely to augite In the rock (although 
the alumina which is always present in small quantity in augite 
has been allotted to anorthite in the calculation); and olivine 
and iron-ore are actual minerals of the rock. In this case 
the norm gives a fairly dose representation of the actual 
mineralogtcal composition (called the mod*) of the rock. 
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'I'he position witb regard to rock A is entirely different. 
The actual mineralogical composition of this rock is as follows: 
hornblende 01-3, olivine 3-6, iron^re 6*1 per cent. It is clear 
that the norm entirely fails to express the true mineralogical 
character of this rock, and does not help us either to form a 
picture of the rock or to understand its genesis. Rock A 
(hornblcndite) must have had a totally different cooling-history 
from rock B (olivine-dolerite), yet this supremely important 
aspect of the subject is ignored in the norm classification. To 
discuss rocks in terms of ultimate chemical composition with-, 
out reference to their actual mineralogical development is to 
discuss a chemical system in terms of its components and 
ignore the phases; it is to reject physical chemistry in favour 
of mere arithmetic. 

As a method of recording chemical data, of checking 
mineralogical data, and as a means of comparing crypto¬ 
crystalline and glassy rocks with holocrystalline ones, (he norm 
system has a great and obvious value; but there its usefulness 
ends. It is incapable of throwing any light on the cooling- 
history of a rock. 

Another cJiemical classification of rocks that is widely used 
is that of Paul Niggli. In this system the proportions by 
weight of the various oxides are converted into molecular num¬ 
bers. as in the Norm system, but they are not subsequently 
built up again into mineral molecules. Instead, the various 
oxides are thrown into four groups as follows:— 

A1|0, +Cr,0, -frare earths; 
FirO + Fe,0, + MnO + MgO; 
CaO -fBaO -l-SrO; 
Na,0-fK,0 -fLqO; 

The sum of the nMlecular numbers of all these oxides having 
been brought to 100, the four groups are represented respec¬ 
tively by the symbols al, fm, c, and alk. The molecular num¬ 
ber of silica is then redui^ in the same proportion as that of 
alumina and is represented by si. Further, the symbol k is 
used for the proportion of R,0 in alk, and mg for that of 
MgO in fm. The advantage of this procedure is that mole¬ 
cular ratios are retained and used os the basis of comparison 
instead of percentages by weight. 
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Tbc two rocks that we have already discussed have the 

following Niggli symbols:— 

fn e dU a "/ 
796 9-7 65 21 41 •06 69 
78 9-7 66 91 88 ■16 •67 

For the purpose of classification, Niggli (1) set up 67 arbU 
irary “magma-types’* to which rocks might be compared; 
afterwards (3) this number was increased to 183. Searching 
among these magma-types for one to which rocks A and B may 
be referred, we find that no less than three come into question, 

namely 

It «f /» * oU a n/ 
Homblenditic type . 80 15 60 20 6 = M 
HornUeode-penaotitic type 80 10 74 14 2 g 07 
Pyroxenitic type . 90 9 69 28 4 ^ 0-7 

The value for c favours the first type, ai favours the second, 
and alk the third; the remaining values are indecisive. Having 
brought us so far by exact quantitative methods, Niggli now 
abandons methods of precision in favour of bare opinion and 
leaves us to choose for ourselves. Neither from the “ Niggli 
values” nor from the indicated “magma-type” do we learn 
anything definite about the composition of the magma, any¬ 
thing about its oooling-history, or anything about the actual 
mineralogical composition of the rock that is to be classified. 
In short, Niggli's system is no more successful than the norm, 
system in enabling us to make any useful deductions about the 
genesis of the rock. 

We must therefore conclude that the chemical analysis of 
rocks does ikM aflord (hat harvest of “ important general pro¬ 
positions ” of which we are in search. This does not mean 
that the chemical composition of rocks has no value in classU 
fication. It is hardly possible to study cryptocrystalline and 
glas^ rocks without the aid of chemical analysis, and even in 
the case of holocrystalline rocks the phases can seldom be 
completely determined without that aid. But it is evident that 
chemical analysis alone can never provide a basis for the 
genetic classification of rocks. Its real value is to supplement 
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the evidence g;iven by the microscope, and to investigate the 
composition of cryptocrystailine and glassy rocks. 

The Use of Texture im Ci-ASstncATiON 
The physical conditions that obtained during the crystal- 

lisation of a magma are deducible to a certain extent from the 
texture and the geological environment of the rock. The 
temperature at the moment of Intrusion, or at the beginning 
of crystallization, can often be judged by the "geological 
thermometer” method (Chapter IV). The viscosity of the 
magma and the rate of cooling leave their impress in the tex¬ 
ture of the rock; and the order of crystallization is also re¬ 
corded In the texture. The correct interpretation of texture is 
therefore a very important factor in classification. 

Whitman Cross has shown that texture involves three 
distinct factors, which he defines as: 

(1) Crystallinity, or the degree of crystallization: 
(12) Granularity, or the magnitude of the crystals; 
(^ Fabric, or the shape and arrangement of the crystals. 

As regards crystallinity and granularity, it Is well known that 
some rocks are wholly glassy while many rocks consist partly 
of crystals and partly of glass. The crystalline rocks differ 
among themselves as regards the magnitude of their crystals, 
some being composed of crystals from an inch to a foot in 
diameter, while others, which are just as completely crystal¬ 
lized, have individual crystals .so small as to require a miertv 
scope for their reoc^nition. In other cases still the ground- 
mass of a rock appears to be structureless, yet its behaviour 
towards polarized light shows that it actually consists—in part 
at lea.si—of sub-microsoopic crystals. 

Both field and laboratory evidence demonstrate that high 
crystallinity and high granularity are favoured by slow cool¬ 
ing and by the presence of fluxes, while deficient crystallinity 
and a low degree of granularity may be due either to rapid 
ooeding or to the loss of fluxes, or to both causes combined. 
Rocks of coarsest grain are accordingly found in large Intrusive 
masses, but also in smaller mas.ses where fluxes were abundant, 
such as pegmatite veins. Fine grain is characteristic of small 
intrusions and marginal facies, and of lava flows, from which 
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the loss of heat and of fluxes has been comparatively rapid- 
The gla&sy and partly glassy rocks are found only in lava 
fkws, narrow dykes, and the selvages of dykes, where cool* 
ing and loss of fluxes occurred too rapidly for crystallization 

to set in. 
Here we have generalizations of some importance, based 

on a set of obvious characters, and justifying the long-^estab- 
lished separation of the plutonie rocks (which crystallized deep 
down in the crust, and have only reactied the surface in conse¬ 
quence of' prolonged erosion of overlying strata) from the 
oolcanic rocks which were poured out on the surface. H. 
Rosenbusch went beyond this, and set up a third group of 
‘’dyke-rocks*’ {Ga»gg$st4in4) characterised by textures inter¬ 
mediate between those of the former groups. But since every 
known variety of texture, from the most coarsely crystalline to 
the completely glassy, is to be found among rocks that occur 
in the form of dykes, it is clear chat this procedure cannot be 
followed without abandoning the correlation between texture 
and physical conditions which distinguishes (he plutonk and 
volcanic groups. So long as we maintain, as Ferdinand Zirkel 
did, too textural groups only, then we can establish definite 
and important propositions concerning them; but for purely 
fitrographicat purposes (as distinct from geological purposes) 
there is no justification for the erection of a separate group of 
dyke-rocks which share the characteristics of the former groups 
but have no features peculiarly their own. 

With regard, then, to crystallinity and granularity it is 
dearly desirable to distinguish two great groups of rocks, the 
6rst of which indudes all deep-seated rocks and the more 
coarse-grained dyk^rocks, while the second embraces all 
microcrystalline, cryptocrysialUne, and glassy rocks whether 
they occur in minor intrusions or In lava^flows. For 
geological purposes we may speak of these as the Plutonic and 
the Volcanic groups (Tiefengesteine and Ergussgesleine of 
Rosenbusch), but these names introduce a hypothesis of 
origin which is not always justtiied. Not alt coarsegrained 
rocks are plutonie, nor all ilt<ry8ta]Used rocks volcanic in the 
literal sense. Zirkel described the two groups in terms of 
texture alone, as 
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(a) gleichmassig-kornig (uniformly granular). 
(b) porphyrisch und glasig (porphyritic and glassy). 

This is the logical method. The rather cumbersome Carman 
adjectives may be replaced without any change of meaning by 
tucrysUitHne (we]I*crystaltized) and dyscrysUtUint (iU*crystal- 
llzed, either relatively or actually.). 

A special importance has sometimes been assigned in 
classification to the porphyrilie texture, (or it has been sup¬ 
posed that the large crystals (insets) in porphyritic rocks were 
formed when the magma was deep down in the crust and the 
temperature and pressure were higher than at the time the 
groundraass crystdllzed. It is certainly true that lava flowing 
from the crater of a volcano sometimes contains ready-formed 
crystals, such as the large leucite crystals in some of the lavas 
of Vesuvius. There is no need, however, to suppose that the 
insets were formed under very different conditions from the 
smaller crystals which grew later, because the rate of growth 
of some minerals (induding leucite) is rapid, and the early 
formed crystals, being few in number, are most favourably 
situated for attaining a large size. L. V. Pirsson has brought 
forward some strong field evidence against the idea of the 
deep-seated origin of insets, and N. L. Bowen lias shown 
experimentally that perfectly continuous crystallization may 
give the appearance of crystallization in two generations. The 
first-formed crystals grow rapidly until a .period Is reached 
when the increasing viscosity of the magma,- or the degree of 
undercooling, causes new centres of crystallisation to appiear 
in large numbers. When the whole mass has frozen thefe 
will be a few large insets and a multitude of small groundmaSs 
crystals, although crystallization has been continuous and the 
pressure has not changed.' On the other hand, we have seen 
that some of the most striking examples />f porphyritic texture 
have been formed by sinking or flotation of early-formed 
crystals, which are therefore strangers to the environment in 
which we see them. 

The real importance of the porphyritic texture, in relatioa 
to classification, appears in the interpretation of the erder of 
cryttalluation. It is in this connection, too, that the study of 
fabric, or the shape and arrangement of the crystals in ro^, 
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acquires its chief significance. We discussed the order of 
crystallization at length in Chapter VII, and found that the 
interpretation of the sequence of events in any rock is often 
a matter of grave doubt and difficulty. There are virtually 
only three rules for our guidance, which we may summarize 
as the rule of enclosure, the rule of idiomorphism, and the 
rule of relative sizes; and all of them are subject to exceptions. 

It is a simple matter to determine the order of crystallize* 
tion in an artificial melt. The procedure is to make a mixture 
of the desired composition and heat it to such a temperature 
that it is entirely liquid; then cool it to a prearranged tempera, 
ture, hold it there for sometime, and quench it suddenly. The 
cold solid, consisting of crystals and glass, is studied under the 
microscope and the crysulline phases are identified by their 
optical properties. When this procedure is repeated at various 
temperatures it becomes possible to fix the precise tempera* 
ture at which each phase begins to form, and the order in which 
the various phases succeed one another. 

Nature has made a few such quenching experiments for 
us, but far too few. Rocks compost of glass with only a few 
crystals are fairly common in the highly siliceous group, but 
scarcer and scarcer as we pass to groups of lower silica content. 
A comparison of the chemical composition of 1G4 glassy or 
partly glassr rocks cited in H. S. Washington's Tah/er has 
shown that 85 per cent of these are leucocratic, 88 per cent 
are oversaturat^ with silica, and only 11 per cent show a 
deficiency of silica. Furthermore, the study of natural rock- 
glasses is complicated by the products of gas-reactions, which 
yield unsuble phases such as tridymite and cristobalite, and 
also by devitrification of the glass at atmospheric temperature. 

As long ago as 1887, A. I-agorio made a study of the com¬ 
position of the glassy base of a large number of lavas and 
dyke-rocks. He was able to establish the approximate rule that 
in rocks of moderate acidity (about 56-66 per cent of SiO,) the 
glass base is more acid than the entire rode, whereas in very 
acid rocks the base is less acid than the rock. In other words, 
quartz crystallizes early from highly siliceous magmas and later 
from those of lower acidity. J. H. L. Vogt gives similar data. 
He finds that in dacites, trachytes, rhyolites and quartz- 
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porphyries with aot more than 72 per cent, of total silica, the 
glass base is invariably more acid than the whole rock. When 
the percentage of silica is about 78 to 76, the glass base has 
about the same acidity as the whole rock. A few very acid 
porphyries, with more than 76 per cent of total silica, have 
more quartz among the insets than in the ground mass, in* 
dicating early crystallization of quartz. 

It would seem to be establislied by the observations of 
Lagorio and Vogt that the boundary between the quartz field 
and the field of soda*potash feldspar in these acid lavas lies 
in the neighbourhood of 74 per cent of silica, varying a little 
according to the composition of the feldspar. It is easy to 
test this conclusion. For instance, a porphyritic glass from 
Fifesbirc, Scotland, which was examined by the writer and 
analyzed by one of his students, sltows a few insets of sodic 
plagioclase but none of quartz. The deduction is that the 
composition of the magma lay on the feldspar side of the 
boundary. Analysis showed SiO»-68-28 per cent. 

Another porphyry, from Robertson, South Africa, has 
large insets of potassic feldspar and smaller ones of quartz. 
Apparently feldspar began to crystallize before quartz, so the 
initial composition of the magma must have lain in the feldspar 
field. An unpublished analysis by D. L. Scholtz showed 

SiO,-69-47 per cent. 
A third porphyry, from Saldanha Bay, South Africa, has 

insets of feldspar and quartz which are almost equal in number 
and size. This suggests simultaneous crystallization of the 
two phases from a magma with about 74 per cent of silica. 
Analysis showed SiOi«74-82 per cent. 

Nevertheless, the validity of such deduaions about the 
order of crystallization Is none too certain. Minerals differ in 
rate of growth, so the observation that the feldspar insets are 
bigger than the quartz insets is not a conclusive demonstration 
that feldspar began its crystallization before quartz. H. A. 
Powers records that out of 15 acid lavas, so siliceous that their 
composition would take them into the quartz field ” of Vogt, 
twelve contain varying amounts of both quartz and feldspar 
insets; but in spite of Vogt’s rule, three of the rocks hold 
feldspar insets without any of quartz. 
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Passing from acid to basic iavas, we find that T. F. W. 
Bartb has tried to establish the position of (he ooteciic surface 
between the plagioclase held and the pyroxene held in basalts, 
and that he has proposed a formula connecting the order of 
crystallixation with the chemical composition of the lava. If 
the correctness of Barth’s formula should be established, it 
might enable us to distinguish between basalts formed by 
normal crystallization in the plagioclase field or tlie pyroxene 
field, and basalts which have undergone enrichment with 
plagioclase or pyroxene by graviutional differentiation. 

Deductions drawn from the observation of the order of 
crystallization in lavas and porphyries are not necessarily 
applicable to coarse-grained rocks. It is well known that 
quartz, although it crysullizes early from many acid lavas, is 
generally one of the last phases to crystallize in granites, 
Idiomorphic crystals of quartz which may have crystallized at 
a relatively early stage are found especially in the ” Rapakiwi ” 
type of granite. Many of these rocks contain more than 74 per 
cent of silica, but in some of them the proportion of silica falls 
to 66 per cent and even lower. 

It should now be apparent that the order of crystallization 
is a character of first-rate importance in the interpretation of 
the cooling-history of a magma, and for that reason most 
deserving of recognition in the classification of rocks. But it 
is equally apparent that we are not yet in a position to employ 
this character confidently and consistently. It is perhaps in 
this direction more than any other that the classification of 
rocks is likely to progress in the future. 

The Use op Minsralooical Composition in Classification 

We have seen that the chemical analysis of a rock can 
tell us little or nothing of its cooling-history. The genesis of a 
rock is not a question of what might have happened but of 
what did happen. Something can indeed be learned from the 
study of texture, but then texture has no meaning apart from 
the minerals that show it. Thus there is no escape from the 
conclusion that Ikt tutval mineralogical development is the 
only possible baits for the genetic classification of rocks. Of 
course rocks may be studied from other points of view than 



THE CLASSIFICATIOK OP ERUPTIVE ROCKS 931 

that of genesis—as structural elements of the lithosphere, as 
storehouses of the chemical elements, or just as building stones 
—and for every viewpoint there is an appropriate classification; 
but scientific petrology has no concern with these. The 
petrologist sees eruptive rocks as the en(H>roduct$ of a long 
scries of chemical reactions and physical transformations, and 
he tries to elucidate these and express them in a classification 
which is appropriate to his point of view. The keynote of this 
classification must be physical chemistry. 

Although (he classification of a rock must be based on the 
minerals actually present in it, yet it is not to be supposed 
(hat all minerals are equally important for this purpose, or 
even that the importance of a mineral is in proportion to its 
abundance in the rock. The importance of any mineral for 
the purpose of classification depends upon the information we 
can extract from it about the cooling-history of the system. A 
mineral with a wide range of stability, such as orthoclase or 
an intermediate plagioclase, tells us very little about this 
matter; whereas some of the less common minerals such as 
leucite, olivine and tridymite are highly informative even when 
they are present only in trifling quantity. It is certain that 
too much importance has been attached in the past to the very 
stable feldspars, and too little to certain other minerals which 
are more significant of the cooling-history of the magma. 

In our study of the geological thermometer we found that 
quartz, uidymite, leucite, hornblende, olivine, acmite and 
biotite all tell us something of the temperature of the magma 
during the crystallization period; and even of fluctuations in 
(he temperature, as when hornblende or biotite is formed and 
afterwards undergoes dissociation. 

From the study of assimilation vre learn that melanite, 
vesuvianite, scapolite, melilite, cancrinite and perhaps 
nepheline too, are indicative of the contamination of a magma 
by assimilation of limestone. Similarly corundum (sometimes), 
andalusite and cordiente indicate contamination by assimilation 
of aluminous sediments, and so perhaps does hypersthene. It 
has been said that if there were not so many slates there would 
not be so many norites.” 

We have learned from experiment in the crucible that some 
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minerals are pyrofeneti^^at iSy they will crystallize readily 
from anhydrous silicaie melts without any flux—whereas others 
can only be induced to crystallize in the presence ol water or 
some other substance of low melting point which acts as a flux. 
Many of the hydatt^enetic minerals have a constant proportion 
of hydroxyl groups in their atomic framework, which points to 
a relatively high concentration of hydroxyl ions in the magma 
at the time these minerals crystallized. Similarly Uiose 
minerals that contain fluorine, boron, beryllium, lithium, zir* 
ocHiium, cerium and other rare elements must have crystallized 
out of a residual magma or solution in which these scarcer 
elements had become concentrated, towards the end of a long 
crystallization period. 

We know, too, that the rock-forming minerals fall into two 
groups on the ba^ of their compatibility or incompatibility 
with excess of silica under magmatic conditions. Thus the pre¬ 
sence of unsaturated minerals such as leucitc, nepheline or 
meltlite affords information which is indispensable for the 
understanding of the chemical reactions that went on in the 
magma. 

It follows that from the mineraJogical composition of a 
rock we can deduce something of the temperature of the magma 
at the beginning or end of the crystallization period; some. 
tMDg of the concentration of the fugitive constituents during 
Che same period; something of the ratio of silica to metallic 
oxides in the magma; also something of the fluctuations in each 
of these factors; and something of the extent to which the 
magma has been contaminated by reaction with its walls. 

When we hare infornwtion of this character at our dis¬ 
posal, why should we continue to classify rocks on the basis 
of an arbitrary ratio of orthodase to plagiodase, or of albite 
to anofthite? Whether the plagiodase in a rock contains 45 
parts of albite on 54 parts of albite tells us little of the genesis 
of the rock or of iu history. It is much more important to 
know whether the rock contains augite or hornblende, and 
whether olivine or feldspathoid is present or not. 

It is often said that “ there are no natural boundaries 
between one igneous rock and another." This astonishing 
misstatement is made even by people who must be fully aware 
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of the incompatibilities between quartz and feldspatholds, 
quartz and olivine, enstatite and fcldspathoids, and other in> 
compatibilities which we discussed in Chapter VIII. What 
better or more natural boundaries could there be than these 
mutual exclusions, which are the visible expression of phas^ 
boundaries in the ma|^a-$ystem ? 

The nature and the significance of a phase*boundary are 
made clear by Fig. 31, which presents diagrammatically the 

t 

Fio. 81. PliM* booiKUrtM «ad Mtactic potata is (b« tytMa UfO—SiO^ 
•ftatr Boma and AfldarMi,alaQ Bowen and B^airer. 

conditions of equilibrium in the system MgO—SiO, from the 
data of Bowen and Andersen. The liquidus of this system 
shows four interruptions, at about 38, 43, 60 and 65 per cent 
of silica. The first of these breaks corresponds to the eutectic 
between periclase and forsterite, the fourth to the cristobalit^ 
clinoenstaiite eutectic. The break at 48 per cent of silica is a 
phas^boundary between enstatite and periclase, for on one side 
of this boundary clinoenstatite canr>ot be formed and on 
the other side periclase is not a possible phase. Similarly the 
break at 60 per cent of silica indicates a phasoboundary 
tween forsterite and cristobalite. These two phase-boundaries 
divide the field completely into three natural r^tons, within 
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each of which certain phases are possible and ceruin other 
phases impossible when the system is in equilibrium. 

The eutectic points also divide the held into three regions, 
but the middle region (from 3d to 65 per cent of silica) does not 
have a definite composition in terms of minerals, since peri> 
clase, forsterite, enstatite and cristobalite are all possible in 
some portion of this region. Thus for the purpose of classifica¬ 
tion the phase-boundaries are more useful than the eutectic 
points since they enable us to effect a precise correlation 
between chemical oompositton and mineralogical development. 

In rocks there are probably no eutectics, but there are 
certain phase.JMundaries which form natural dividing lines. A 
petrology based on the stability or instability of particular 
phases in particular associations offers a prospect of ** im¬ 
portant general propositions” connecting mineralogy and 
diemistry, such as no other kind of classification has yet been 
able to supply. We may call this ” phase petrology.” The 
map of the Cortlandt complex (Fig. 96, p. 167) illustrates the 
use of ” phase petrology" in place of the old-fashioned 
” species petrology.” 
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CHAPTER XIV 

A SYSTEM OF PETROGRAPHY 

Our immediate task, arising out of the discussion in the last 
chapter, must be to show how rocks can be grouped in such a 
way that each group will convey the greatest possible amount 
of information about the physical and chemical history of the 
magma-system. We must distinguish between characters of 
fundamental importance from the standpoint of physical 
chemistry, and characters which have no more than a descrip¬ 
tive value; and we must subordinate the latter to the former. 
We shall proceed therefore by discussing first the primary or 
physico-chemical basis of classification, and afterwards the 
secondary or descriptive basis. 

The Primary or Physico-Chemical Basis op Classipication 

(1) 
The first step should be, as in Zirkel’s day, the separa¬ 

tion of eucrystalline from dyscrystalline rocks. There is no 
natural dividing-line between these two groups, but an arti¬ 
ficial boundary may be drawn at the limit of visibility with 
the unaided eye or with a simple hand-lens. Any rock in 
which the grains of the essential minerals are too small to be 
seen individually without the help of the microscope is 
dyscrystalline. In the case of a porphyritic rock the criterion 
is to be applied to the groundmass. The smallest quantity of 
a glassy base puts the rock in the dyscrystalline division. 

The following general propositions may be stated regard¬ 
ing these two great groups of rocks. 

Euctystcllind rocks. The pressure upon the magma was 
high, but the temperature at the time of intrusion, as judged 
by the geological thermometer method, was generally less than 
800* C. The rate of cooling was slow, hence the crystallisation- 
period was prolonged. Loss of dissolved gases was also slow, 

as 
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SO the liquid phase, as crystallisation advanced, was progres- 
Mvely enriched with fugitive constituents; thus crystalliaalion 
was complete and it was concluded atacomparativdy low tem¬ 
perature. In the final stages the concentration of water was so 
high that the period of magmatic crystallisation was sometimes 
followed by a period of hydrothermal (deuteric) crystallization 
and reaction. Free silica takes the form of quartz, never that 
of tridymite, and it always crystallizes late, the crystals enclos¬ 
ing minute bubbles of water and gas. 

DyscrystalUiu rocks. Crystallization took place under 
low pressure, but the temperature of intrusion or extrusion was 
high, often exceeding 900* C. Loss of heat to the atmosphere 
or to surrounding rt^ took place rapidly, and on account of 
the reduction of pressure there was a rapid loss of gases; con¬ 
sequently crystallization often failed to be completed and the 
last portion of magma solidified as glass. Hydroxyl-bearing 
silicates such as mica and tourmaline are scarce; and inclusions 
within crystals are mostly of glass or stony matter. Quartz is 
less common than In eucrystalline rocks and it has often crystal¬ 
lized at an early stage,; tridymite sometimes accompanies or 
r^laces it. Pyroxenes are commoner than amphiboles. 

In the pages that follow the tetter X will be used as a 
shorthand symbol for eucrystalline, and D for dyscrystalline. 

(3) 
The phase-boundaries between free silica (quartz, tridy- 

mite, silica-glass) and the various unsaturaied minerals that 
we discussed in Chapter VIII are natural boundaries of great 
significance, and they lead at once to the following classifica¬ 
tion of rocks. 

Class l—OvsTSatuTotsd rocks or those which contain free 
silica of primary origin. Symbol 0. 

Class II—5a(wral«d rocks or those which conuin neither 
free silica nor any unsaturated mineral. Symbol S. 

Class III—Undorsaturatrd rocks or those which consist 
either wholly or in part of unsaturated minerals. This 
class may be subdivided as follows:— 

(a) Son^feidspathoidol dttiuioii. The alkalis are 
saturated and the deficiency of silica affects the dark 
minerals only. Symbol V. 
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(b) FtldspathouUil dhision. The alkalis are partly or 
wholly unsaturated. The dark minerals may be 
either saturated or unsaturated. In the former case 
the symbol 1$ U. in the latter, W. 

This classification makes no great departure from the his¬ 
toric system of Ferdinand Zirkel, in which the quartz-bearing 
rocks were nominally separated from (he feldspathoidal rocks 
and the olivine-free from the olivin^bearing rocks. Zirkel was 
not quite consistent in this matter, for he described under the 
heading of “ syenite ” certain rocks that contain minor amounts 
of quartz, nepheline, sodaiiie or olivine; and under “ trachyte 
some that hold irtdymite and others containing a little leuclte, 
sodalite, haiiyne or olivine.^ The proposed classification differs 
more widely from that of Rosenbusch, who either ignored 
chemical considerations altogether or subordinated them to his 
conception of Gtsleinsfamtliin and the Ganggtfolgsekaft. For 
instance, the syenite, monzonite, essexite and gabbro families 
of Rosenbusch's classification all contain both oversaturated 
and undersaturated members. It was only when the proportion 
of quartz or feldspathoid became quite large that Rosenbusch 
would change the name of the rock; that is to say, he preferred 
an Indefinite and chemically meaningless boundary to a precise 
boundary possessing physico-chemical significance. 

Criticism of the proposed basis of classification has come 
mainly from petrologists of the Rosenbusch school, who claim 
that it ''obscures the natural affinities” between rocks. The 
phantasy of petrological affinity dies hard! When these 
” natural affinities" can be defined as clearly and unequivoc¬ 
ally as the natural antipathies that form the basis of the 
proposed classification, and can be shown to have an equal 
significance in terms of physical chemistry, then this criticism 
will deserve consideration, but not till then. 

A. Lacroix has said that "the production of a small 
quantity of quartz or of a feldspathoid has no real importance 
from the point of view of classification." G. W. Tyrrell, too, 
thinks that " little notice should be taken of small quantities 

> la tiM tepoft OB dw iOth paralM, Zirkel deeerlbod a tock (tosi SUter’e Fork, 
in tbo ElkbMd Mis.. trochjrto, eltboogb b« had blsiwtf ld«atiS«d 
aopboUno in it. 
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oi quartz, olivine, or fddspathoids." WHy should one take 
little notice of facts that bear directly on the coolinf^-history 
of the ma^ma and the course of differentiation? The quartz- 
feldspathoid and quartz^)Iivine boundaries are naturaf diotd- 
injT'iinas, and as such they have a scientific importance which 
artificial boundaries can never have. 

Roth Lacroix and Nielli have objected to the separation 
of quartz-bearing from olivin^bearing rocks on the ground 
that some rocks hold both minerals. It is strange that this 
criticism should be brought up again and again, for it has 
been shown repeatedly that the association is not a stable one 
and that its appearance is a mere accident of cooling. That 
the olivine-silica reaction was not completed in a particular 
instance is a local exception to a general rule. The logical 
procedure, in such a case, is first to establish the rule and then 
to deal with the exceptions. The existence of exceptions should 
not be permitted to blind one to the rule. In dealing with a 
rock that contains both quartz and olivine, one should estimate 
the (usually small) proportion of each and decide which is in 
excess (in round numbers, two parts by volume of olivine will 
neutralize one part by volume of quartz). This will decide the 
primary classification of the rock; its abnormal character may 
be indicated in the process of subdivision. 

(8) 
After silica, the component next in importance Is alumina. 

In the feldspars the molecular ratio of alumina to soda, potash 
and lime combined is exactly 1:1, and it is so in nepbeline and 
leucite too; consequently any excess or deficiency of alumina 
with respect to this ratio must show itself in the character of the 
dark minerals. This consideration leads us directly to a four¬ 
fold grouping of rocks, as follows. 

I. The pmhiminour type (Symbol p). In these rocks 
the molecular proportion of alumina exceeds the molecular pro¬ 
portions of soda, potash and lime combined. The excess of 
alumina goes into muscovite, biotite. corundum, tourmaline, 
topaz, or an iron-manganese garnet (almandine or spessartite). 
These are tvpica] products of low-temperature, hydrous, 
generally acid magmas and of the later stages in the magmatic 
reaction-series. 
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II. The metaittminow type (Symbol m). The propor> 
tk>n of alumina exceeds that of soda and potash combined, 
but is generally less than that of soda, potash and lime com* 
bined. Nevertheless, some of the alumina enters the dark 
minerals, forming either a moderately aluminous mineral such 
as hornblende, epidote or melilite, or else an association of an 
alurninous with a non-aluminous mineral, such as biotite with 
pyroxene, hornblende with olivine. The physical conditions 
during crystallization were intermediate between those of the 
preceding and succeeding types. 

III. The svbalumtnour type (Symbol s). There is little 
or no excess of alumina over that required to form feldspars 
and feldspathoids. The dark silicates are olivine and ortho* 
pyroxene, which are strictly non-aluminous, and dic^ide and 
augite, in which a small proportion of silicon atoms may be 
replaced by aluminium. These are all pyrogenetic minerals 
and are typical of hot, relatively anhydrous magmas. 

IV. The ptralkalint type (Symbol k). The molecular 
proportion of alumina is less than that of so^ and potash com* 
bined. The characteristic dark minerals are the soda* 
pyroxenes and soda*amphiboles, tenigmatite, eudialyte, and 
other species in which the place of alumina is taken by ferric 
oxide, ziroonta, or titania. Ferric oxide and titania also take 
the place of alumina in melanite and schorlomite, two llm^ 
rich species which arc only found in rocks of peralkaline 
character. These are alt low*temperature minerals formed in 
the last stage of crystallization of soda*rich magmas, when the 
residual liquor was strongly alkaline in character. 

The four rock*types that we have just distinguished mark 
successive stages in the cooting*history of a magma. The 
crystallization of a system containing alumina often begins 
with the production of olivine or an almost non*aluminous 
pyroxene, which at a later stage reacts with (he remaining 
liquid and is gradually transformed into hornblende or even 
further into biotite. These four minerals constitute a 
action-series in the sense of N. L. Bowen, and the correspond¬ 
ing rock*types may be called reaction-types. In a less 
aluminous magma a different reaction may take place and 
the original pyroxene may be replaced, or at least mantled, by 
«girine or a soda-amphiMe. 
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TaKLE a. THI PitHAKT Ba*i« Of Cl-AMIPICATION- 

A symbol such as XOp or DWs indicates some of the 
most outstanding characteristics of the rock described, but it 
does not go far enough. In the group XOp the feldspar may 
be all orthodase or all plagiocla^. The symbol repre¬ 
sents anything from a potash-syenite to an anorthite-rock or a 
pyroxenite. DWm may contain either nepheline or leudte 
and either olivine or mclilite. Further subdivision is dearly 
needed, and it seems desirable that it should have a quantita¬ 
tive basis. But here Nature dedines to help us. Apart from 
the exdusions discussed on earlier pages, and the very doubt¬ 
ful occurrence of ancbi-eutectic ” rocks, there are r>o natural 
limits to the proportion of any mineral in any rock. It is 
true that quartz^irthodase rocks typically hold only a small 
proportion of ferromagnesian minerals and that the plagiodase 
roc^ are mostly rich in ferromagnesians; but to this statement 
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there axe many exceptions, among which the case <rf the 
i^rthositcs is outstanding. If we wish to establish quantita¬ 
tive mineraJogical subdivisions, we shall have to do it on an 
arbitrary basis. 

Oiemical analysis, too, fails to establish any natural 
dividing Urves. H. S. Washington directed attention to a 
sympathetic relation that obtains between magnesium and 
potassium, on the one hand, and iron and sodium on the other 
hand. (See Fig. 83.) But there are rocks rich in potassium 
yet almost without magnesium, and rocks rich in sodium but 
almost free from iron; so tltis relation is not dehnite enough 
for the purpose that we have in view. Any subdivisions that 
we csublish upon the proporUons of the various oxides must 
be arbitrary. 

The Secondary or Descriptive Basis op Classipication 

„ (1) 
From the genetic standpoint the mere presence of a critical 

mineral such os nepheline or olivine, which marks the crossing 
of a phase-boundary, or tourmaline or aegirine, which ntarks 
a particular reaction-type, is more imporunt than the actual 
abundance of that mineral; nevertheless it is desirable, in order 
that one may form some sort of picture of the rock, to have a 
statement of the proportions of the various minerals in it. A 
preliminary statement of this kind may usefully uke the form 
of the folio of hoovy to light minoraU in Iht rook. All minerals 
of density less than 3-8 are free from magnesium and iron 
and are consequently pale in colour, whereas the majority of 
minerals denser than 3-8 are distinctly and often strongly 
coloured. The ratio of heavy to light minerals is therefore 
nearly the same thing as the ratio of dark-coloured to light- 
coloured minerals, and since it is this which mainly determines 
the colour of a rock it may be called the colour ratio or colour 
index of the rock. (The colour ratio of a rock is x per cent; 
Its colour index is simply *. The latter term has been 
Germanized in the form Farbeahl; in French it has become 
indict de coloration). 

The light minerals (or those so r^arded by the writer, as 
well as by I.4u;rotx and Trbger) are quartt, tridymite, all feld- 
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spars, nepheline, cancrinite, the sodalite group, leucite and 
aoalcime. But Johannsea and Niggli have interpreted the 
adjective “light" more literally, and they include muscovite, 
scapolite, mclilite, topaz, corundum, apatite, andalusite, silli- 
manite, and fluorspar among the light minerals. If colour 
alone is to be decisive, then enstatite, olivine, phlogopite, and 
zircon might all have been added to this list. It seems better 

rie. at A plMtiai oT dcuIj two huAdtad reek aaaljrtM. to ibow ilwt poUtb 
and Meoatia on we ose baad, and eoda and iraa oiida en Um oOtar, tend 

to TOfjr tofMber. (H. S. Weebiafton.) 

to base the distinction of the two groups upon the definite 
character of density than upon the very indefinite one of 
colour. 

There are no natural boundaries in respect of colour index, 
so we must fix our boundaries arbitrarily yet with some regard 
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to the tendencies that we observe in nature. For instance, the 
very abundant granites, granodiorites, tonalites and anor> 
thosites hardly ever carry as much as thirty per cent, of dark 
minerals, whereas the abundant gabbros, norites, diabases and 
basalts nearly always carry more than 90 per cent, of these 
minerals; so a boundary at about 80 per cent (by volume, since 
it is easier to judge volume than weight) is suggested. Another 
boundary at 00 per cent cuts off the rocks composed almost 
wholly of dark minerals (pyroxenites, hornblendites, peri- 
dotites) from the rest; and between these limits we may rea> 
sonably put another boundary at 60 per cent by volume of dark 
minerals. The four facies thus distinguished may be called 
Uucocratie (colour index 040), mesotyp*^ (colour index 8(^60), 
nulanocratic (colour index 60>90), and hyptrmtianic (colour in* 
dex 90>100) respectively. Similar limits have been suggested 
by Lincoln (83, 67), Lacroix (85, 65, 05), and Niggli (87(, 60^. 
87J). 

When one writes a symbol to indicate the composition 
of a rock, it should generally be sufficient to express the 
leucocratic, mesotype, mclanocratic or hypcrmelanic char* 
acter by the addition of the capital letters L, M', M", or H, as 
in XSmM' or XVsH. Alternatively, one may append the 
exact colour index as in XOp/}(15). The word “ melane *’ 
(borrowed from biology) is a convenient term for the dark 
minerals in rocks; thus we may say that a rock contains 15 per 
cent of melanes. The adjective “ melanic ” covers both meso 
type and melartocratic and saves many syllables. The oor* 
responding symbol M includes both M' and M". 

(3) 
The great majority of rocks contain some kind of feldspar, 

and this is far the largest constituent of most of them. On 
this account the composition of the feldspar has been a factor 
in every mineralogical classification of the past. The usual 
practice has been to separate the rocks in which alkalUfeldspar 
predominates from those in which plagioclase is dominant, 

■ The form mttteratit tt UMd mcm writtrt, but •bonU b» avoiifod m it hu 
a BOOMiHicat tMunlBi. Ttw middle eannot yredomiMW. Scientifle writm 
wbo are alwajrf ready w fear when literal men mUuN felaatiSc tarm 
ibould ba tpaciaDy oantul not U Biaoaa teafuafa. 

«7 
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and to make a third division for rocks in which orthocJasc and 

plaEioclase are about equal. . 
But since “orthocUse'' or ■*alkah-feldspar includes 

varieties that a« rich in soda, and *' plagiodi^ *■ means any. 
thine from pure soda-fcldspar to pure Iime-feldspar, the prao 
tice referred to is not good chemistry; and since soda app^ 
in both terms of the ratio, it is not even good arithmetic. 1 he 
weakness of this method of classifying rocto is shown by the 
contradictions to which it gives rise. For instance, a lava of 
San Mateo Mountain, New Mexico, which was named 
“ andesite ” by J. S. Diller, has the following composition 

quartz . 
ortbodase molecule* 
alVite molecules 
anorthlte moicculea 
melanet . 

22 
S-8 

Thfe rock carries more pJagioeJase than orthoclase, so the use 
of the name Sndesite is justified by current practice; but the 
proi^rtk>n of potash feldspar is more than thirteen times that 

of.'anorthite. 
t In H. H. Robinson's admirable description of (be lavas 

'of San Francisco Mountain, Arizona, the names dacite and 
latite are employed. According to the accepted definitions of 
these names, latite contains roughly equal quantities of ortho- 
fi>*<» and plagioclase, while dacite has plagioclase in consider¬ 
able excess of orthoclase. Yet the chemical analyses of these 
lavas show that, in the dacites described by Robinson, ortho- 
clase molecules are from one and a'quarter to two and one-half 
limes as plentiful as anorthite molecules; while in the latite the 
reverse is the case. 

These examples show that the statement of the ratio of 
plagioclase to orthoclase which is conveyed by such names as 
latite, dacite, andesite, or (kere names as curranlly defined, is 
worthless as a guide to the relative proporiiions of potash, soda 
and lime in the feldspars. If much albite is present, ptagio- 
clase will exceed orthoclase even when the proportion of anor¬ 
thite is quite small; and if little albite is present, orthoclase 
may exceed plagioclase although the rock actually conuins 



The oomplicaiions which arise fram the use of the iO'' 
dehnite terms orthoclase,” ’‘alkali-feldspar,” and “plagio- 
clase ” can only be avoided by discussing the feldspars in terms 
of the pure components KAISi.Oi (Or), NaAlSi.Ot (Ab),. 
and CaAI»SiaOt (An). In Fig. 83 the three corners of the 
triangular diagram represent Or, Ab, and An respectively. 
Now the Or«Ab-An field can be divided up in many ways, 
hut the way that immediately and strongly suggests it^f is to 
demarcate a potasb-field (Or-xzy), a soda*fieId (Ab-xzw) and a 
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lime>field (An-yzw), all of them equal in area. Every rock 
that is represented by a point in the potash field conuuns more 
orthoclase than either albite or anorthite, though not neces¬ 
sarily more than albite and anorthite combined. Similar 
statements can be made for the soda-field and for the lime- 
field. 

Pw. 34. Tbe eonpMUIcn of >64 natunl oxprotMd in leimt of 
Or, Ab, uid Aa. (Afior H. L. ADiag.) 

It is well kitown that potash-lime feldspars are not found 
in nature, and that mixtures of orthoclase and anorthite are 
always diluted by much albite. This means that the area 
Or-z-An in Fig. 33 is almost unrepresented, and that the 
potash and lime fields are each reduced in practice to about 
iialf their theoretical area. The soda-field, however, is fully 
represented, for rocks are known which carry much albite and 
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orthoclase with almost no anorthite, and others that have albite 
and anorthite with only a minimal quantity of orthoclase; 
there are also many rocks in which all three components are 
pr^nt in consid^abte amount. (In further illustration of 
this point see Fig. 84, whidi gives the composition of over 900 

Or 

natural feldspars, as computed by H. L. Ailing.) It will be 
advantageous, therefore, to subdivide the large sodJc field into 
A soda-potash section and a soda-lime section, as in Fig. 85. 

Wc have now divided the useful part of the triangle into 
four approximately equal fields, which are characterised 
mineralogically by pota^-soda feldspar, soda-potash feldspar, 
soda-lime feldspar, and lime-soda feldspar respectively. The 
fields are defined in quantitative terms as follows 

Or'vAn Or>Ab (potaah-aoda Add). Symbol « 
2. Or<Ab taoda-pota^ fid^. Symbol ff 

Or<An Ab>An ^oda-Iime Add). Symbol y 
4. Ab<An Oime-aoda field). Symbol 
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In the case of rocks containing leucite, Or is replaced by 
Or+Lc. 

To classify rocks on the above basis is not much more diffi¬ 
cult than under any existing system, for all good petrographic 
descriptions include either optical or chemical determination 
of the composition of the feldspars present. The first step will 
be to compare orthoclase to anorthite; in most rocks there will 
be a clear excess of one or the other, and as soon as that has 
been ascertained, a provisional name can be given to the rock. 
The ratio of orthoclase to albite will also be afforded by mere 
inspection in some cases; but in doubtful instances it will be 
necessary to undertake a closer investigation of the composition 
of the fddspar, using either gravitational, optical, or chemical 
methods, all of which are already part of the routine of petro 
graphy. 

A. Johannsen has criticized the foregoing proposal on the 
ground (hat it introduces a calculated or average feldspar in 
place of the kind of feldspar actually present in the rock. It 
would, for instance, put a rode containing anorthoclase and a 
little labradorite in the same compartment as one with andesine 
and a less sodic orthoclase. But the customary method of 
using the feldspars in classification may lead to graver com¬ 
plications, as we showed on p. 9S6. In dealing with zoned 
plagiodase it has always been the practice of petrographers to 
estimate the average composition of the crystals, and Johannsen 
himself uses an average in the cose of microperthite. Again, 
in the case of hypocrystalline and gla.<uy rocks it is inevitable 
that we should discuss their oomposkion in terms of theoretical 
feldspar. It is thought that the method proposed above leads 
to a more consistent and precise use of the feldspar factor in 
classification than has been customary hitherto. 

We may combine the four main divisions based on feld¬ 
spar with the four based on colour-index, as in Table B. 

In the leucocratic and mesotype divisions it is necessary to 
recognize at least four subdivisions based on the kind of feld- 
^r, but in the melanocratic division two subdivisions should 
be sufficient. In the hypermelanic rocks feldspar is only an 
accessory mineral and it should not be allowed a prominent 
place in classification. We may reckon, therefore, with a 
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y 8. 

Leuoocratic (L) 1 2 3 4 

Meaotype (M') 5 6 7 8 

Melanocratic (M*) 10 

HypermeJanic (H) 11 

TaBLB B. THS SBCOHDAIV OB DKBCBIPTiri BABtt OP Clamipicatiov. 

framework of eleven compartments for our secondary basis o( 
classification; and these, when combined with the forty com¬ 
partments of the primary scheme, give us ample accommoda¬ 
tion for all eruptive ro^. The arithmetical product is 440, 
but in practice this number would be reduced to about 800 
compartments. 

The Qusstion op Further Subdivision 

It may be thought that the classification proposed above 
goes fsr enough; yet within certsin groups of rocks it is clear 
that still further subdivision is necessary. In the under¬ 
saturated class, for instance, the leucite rocks must be separated 
from the nepheline rocks and the feldspathic rocks from the 
non-feldspathic ones. Such requirements as these must be 
met by partition of the appropriate compartments of the classi¬ 
fication ; but In the writer’s opinion it is not advisable to 
attempt any further subdivision of the system as a toholt. 
With two grades of crystallinity,* five degrees of silication, four 
reaction-types, four divisions based on the colour-index, and 
four on the composition of the feldspar, we have already made 
it possible to indicate the salient mineralogical and chemical 
characters of a rock and something of its cooling-history. If 
further subdivision is needed within a particular rock-group, 
the matter may be dealt with when that group comes up for 
discussion. 



Ml EKUPTIVE ROCKS 

In certain s)r9tems oi cUssiEcation, the relative propor¬ 
tions of' the principal mineral-groups are used to establish 
arbitrary numerical tMundaries. Thus, in the quantitative 
mineralogical classification of A. Johannsen there are four 
classes based upon the ratio of light^oloured to dark-coloured 
minerals (see back, p. 2b4}, with limits at five, fifty and ninety- 
five per cent; within each doss there are four orders based (in 
the first three dasses) upon the composition of the plagiodase 
and (in the fourth class) upon the ratio of iron-ores to silicates. 
The orders in the first three dasses are further subdivided into 
families according to the ratio of quartz to feldspar or feldspar 
to feldspathoid; in the fourth class the families are determined 
by the numerical rdations between olivine, pyroxene, amphi- 
bole and bioiite. This system gives a total 864 " families" 
of rocks. 

Paul Niggli has produced an amended version of 
Johannsen's system which some regard as an improvement on 
the original, in place of the dividing ratios of 5, 50, and 96 
per cent which Johannsen used to define the classes, orders 
and families in his system, Niggli introduced the ratios that 
were used by the authors of (be Norm system, namely 7:1, 
6: 8, 8: 6, 1: 7: thus obtaining a more equal division of th4 
field. Niggli also differs from Johannsen on the question of 
what is to be understood by "alkali-feldspar," the point at 
issue being the same that we referred to on p. 236. The twelve 
" orders " cu rocks in Niggli’s system are just the larger 
groups of the Rosenbuscli system, with arithmetical limits. 

We may say of the systems of Johannsen and Niggli 
that they are logical and consistent and that they afford a con¬ 
venient means of cataloguing rocks according to their 
mineralogical composition. But they fail to satisfy the re¬ 
quirements of a scientific classification, for no correlation is 
effected between the mineralogical compoution of a rock and 
any of its other properties, or its o^ing-history. Either 
of these classifications would be perfectly suitable for a series 
of mechanical mixtures, but they fail to indicate the operation 
of the physical and chemical laws which govern the crystalliza¬ 
tion of rocks. In short, they ignore the natural history of 
rocks. 
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On Names and Symbols 

In an ideal classification the names would arise out of the 
system; but to bring this about in petrology it would be 
necessary either to abandon all our present rock-names and 
create an entirely new set, or else to r^efine the old names to 
fit the new classification. The experience of the last quarter 
of a century has shown that there is a steadily growing oppo¬ 
sition among petrologists to the introduction of new names, 
and a scarcely less marked reluctance to submit to any curtail¬ 
ment of the right to use old, familiar names in the way they 
have always been used. In view of this resistance to change 
6ne must just resolve to put up for some time longer with the 
well-known names of the Rosenbuscb era, and their “ well- 
known ” (that is, ill-defined) connotations. But it must be 
recognized that they arc only sack-nam*s, having no permanent 
validity and inde^ ivo precise meaning in terms of either 
chemistry or mineralogy. To these names we must try to 
impart some degree of precision by means of adjectives and 
^mbols such as those introduced in this chapter. 

To take an example from the commonest group of rocks, 
the granite of St. Austell, Cornwall, is more accurately 
described as a peraluminous potash-granite with a colour-index 
of about 13; all this information may be expressed concisely by 
the symbol XOpaflS). The granite of Boulder, Montana, is a 
meuluminous so^-granite with some 22 per cent of dark 
minerals, or XOm/3(22}. The granite of Rockall, or rather the 
variety called '* rockallite," is a mesotype peralkaline soda- 
granite, XOk^(4S). The granophyre of Carrock Fell, England, 
is a dyscrystalline dyke-granite holding 9 per cent of augite, or 
OOsj9(9). The Plauen syenite, in spite of its name, is a dis¬ 
tinctly oversaturated rock holding some 8 or 10 per cent of 
quartz. This slighter degree of oversaturation might be indi¬ 
cated by writing a small, letter “ o ” in place of the usual capital, 
thus Xoma(22). 

Symbols have already been used in addition to names in 
Che Norm system and the systems of Johannsen, Niggli and 
Lacroix. Until petrologists are ready to consider a complete 
revision of rK)menclature, no better course is open to us than 
to supplement indefinite names with definite symbols. The 
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alternative is to continue the witless practice of giving a new 
name to every rock that is slightly different from any rock 
seen before and thus to extend indefinitely the list of specific 
names which already contains over six hundred items and in« 
eludes such gems as katzenbiickelite and leeuwfonteinite, 
anabohitsite and sviatoynossiie, bt^usite and bugite. There 
is indeed another alternative which found a few advocates: 
it is to return to the language of babyhood and coin words by 
putting together unrelated syllables, as in neapite (nepbelin^ 
apatite rock), apaneite (apatite>nepheline rock), dpybinetnelite 
(divine>pyroxen^iotite-nephdine-melilite rods). There may 
be still more dreadful alternatives, but the writer has tK>t bedn 
able to imagine them. 

It is the thesis of this book that characters which are cap¬ 
able of interpretation in terms of physical chemistry are more 
valuable for systematic use than any others, and that rock- 
names should be based as far as possible on these characters. 
The writer believes that all the requirements of a scientific 
petrology can be met by a series'of not more and probably less 
than a hundred names. It is impossible to express every charac¬ 
ter of a rock in a sin^e word; something must be left out; and 
those who require more information than the name conveys will 
6nd it either in the symbol or in the detailed description of th'e 
rock. 

Summary of the Symsols Iktroducbo in this Chaptsr 
CryttaUaaty 

X-eocrystalline 
D«dy$^y*calline 

Dtgri* e/ oorerarMfi witk SOic* 
OKOvmaturated (e if exceu silks not more than 10 per 

cent) 
Snsaturated 
Vaundenatunted, oon-feldspathddal 
U a undersaturated, feldspathoida] 
Wanndersaturated, both light and dark minerals un¬ 

saturated 
Asoehon Typt 

paperalumioous 
m ametaluminous 
sssubaluminous 
k a poralkallne 
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Colour ItuUx 
Latlcuoocradc 

1 
H • hypermelanic 

Character of Feldspar 
(ClsMes O. S. V) 

aaOr^Aa, Or^Ab 
/5=Or>An, Ab>Or 
YsAn^Or, Ab>An 
{••An>Or, An>Ab 

(Cl&iaca U, W) 
a = Or-i-Lc>An: leudte present 
/3~Or>AD: leucitc absent 
Y«An>Or + Lc: kucite present 
Sa:An>Or: leudte absent 

The symbols are intended to be written in the above order, except 
that the colour-index symbol should come last, thus XSmdL or 
XSm/3(14). 
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CHAFTER XV 

THE OVERSATURATED ROCKS 

OCCURRENCI- AND GENESIS 

Tux oversaturated rocks are those that hold free silica in the 
form of quartz, tridymite, or siliceous glass. Silica of hydro- 
thermal origin (opal, chalcedony, agate, etc.) is to be disre¬ 
garded. In a glassy rock, the presence of an excess of silica 
may be deduced from the density and the refraaivity of the 
glaw, or from data furnished by chemical analysis. 

Most rocks that hold much quartz have also a good deal of 
feldspar, and from the earliest days of geology such rocks, 
when coarse in grain, have been called granite. Fine-grained 
dyke-rocks and lavas of similar composition have been named 
quartz-porphyry, rhyolite, felsite; and the vitreous ones 
obsidian and pitebstone. 

After the introduction of the microscope into petrology 
(1868 to 1870) it was recognized that both orthoclase and 
plagioclase feldspars occur in granite, sometimes one and 
sometimes the otiUr predominating. Ferdinand Zirkel defined 
granite as a rock in which alkali^eldspar, quartz and plagio- 
dase take part, the plagiodase being as a rule subordinate to 
orthodase. For rocks in which plagioclase exceeds orthoclase 
Zirkd used the name quartz-diorite; but bis contemporary, G. 
vom Rath, gave the specific name of tonalite to the quartz- 
diorite of Tonale, and this name is now widely used for any 
plagiodase-rich granite. At a later date Csthrein added the 
name adamellite for rocks Intermediate between granite and 
tonalite, and Becker introduced granodiorite with the very same 
meaning. Disr^arding this choice of names, some petrolo- 
gists have continued to use the name granite even for rocks 
in which all the feldspar is plagiodase. The consequence is 
that when the name granite is used without qualification it has 
no more value than a Geld name. In the discussion that follows 
we shall use certain of the above names in the customary loose 

3tf 
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way, and afterwards an attempt will be made to define them 
more precisely. 

It is generally believed that oversaturated rocks arc much 
more abundant, in the outer layers of the earth^ust at least, 
than any other class. In most countries the data for testing 
this belief statistically have not been gathered together, but we 
owe to R. A. Daly a valuable computation of the areas oocu* 
pied by outcrops of different kinds of eruptive rocks in the 
United States of America. For obvious reasons, no compari¬ 
son of volumes is possible. Out of 6,607 square miles occupied 
by plutonic rocks, 5,033 square miles, or ninety per cent, con¬ 
sist of oversaiurated rocks, mostly granite. In contrast with 
this enormous development of oversaturated plutonic rocks, 
the comparative scarcity of oversaturated lavas is surprising. 
Daly’s figures show that out of 9,716 square miles of lava in 
the United States, only twenty-three per cent are oversaturated. 
This is a perint of great significance for the theory of petro- 
genesis; It suggests, and indeed goes far to prove, that the 
extrusion of a particular type of lava is not necessarily con¬ 
nected with the intrusion of a plutonic rock of the same 
chemical and mineralogical character. 

OCCURRBNCC tN THE FiBLD 

Granite, granodiorite and tonalite occur in the form of 
enormous dome-tike intrusions—scxalled batholiths—whose 
upper surfaces may be exposed over hundreds or even thou¬ 
sands of square mites. The Coast Range batholith of British 
Columbia, according to T. C. Phemlster, is “probably the 
laigest plutonic body in the world,” having a continuous out¬ 
crop at least 1,350 miles long and up to 136 miles wide. To 
the Idaho batholith in Idaho and Montana C. M. Langton 
ascribes an area of 16,000 square miles, although only a small 
part of this is massive granite. The Vermilion batholith in 
Minnesota covers between 9,000 and 3.000 square miles, and the 
Boulder batholith, Montana, about 1,200 square miles. The 
principal granite bodies in the south-western region of the Cape 
of Good Hope occur within an area of 130x60 miles. If they 
are all connected underground, which U likely in view of their 
petrolc^ic similarity, they must form a batholith approaching 
7,000 square miles in area. 
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The thickness or downward extension of a bathoiitli is 
quite unknownj but since erosion has never exposed the floor 
of a really lar^e intrusion, the thickness is certainly to be ex¬ 
pressed in miles. It is most unlikely that any of Uie greater 
intrusive bodies rests on a floor of sedimentary rocks, but 
"what underlies the granites" is one of the problems that 
geology has still to solve. 

The margin of a large granite intrusion is sometimes 
sharply defined and more or less plane, and one can lay a 
knif^lade along the junction so that alt rock on one side of 
the blade is eruptive, all on the other side sedimentary. The 
contact between granite and Silurian limestone at Koncrud- 
kollen, Norway, is said by W. C. Brbgger to be " hair-oharp." 
W. D. Johnston and E. Cloos say of the granodiorite of Grass 
Valley, California, that " the contacts of the granodiorite with 
the adjmning rocks are commonly so sharp that both rocks, in 
their normal facies, can be represented by a single hand-speci¬ 
men." But a different type of junctton is also seen, especially 
in regions of intense metamorpltism; it is characterized by the 
absence of any sharp bounding surface. The appearance in 
such a case is as if the country rock had soaked up the liquid 
magma like a sponge, being itself at the same lime partly 
assimilated and partly incorporated in the magma. In cross¬ 
ing such a junction one passes insensibly from pure granite to 
granite holding dark bands and streaks of half-assimilated 
sediment; from this to a composite rock made up of granitic 
and sedimentary lamine; then to sedimentary ro^ containing 
veins of granite or isolated, large feldspar crystals similar to 
those in the granite; and eventually to sediment which has 
been affected by the physical conditions prevailing at the con¬ 
tact but which has received no visible addition of material from 
the magma. The streaky or banded rocks which result from 
this intermingling of eruptive with sedimentary material are 
known in general as " gneiss," and the various degrees of 
admixture are indicated roughly by the use of such terms as 
" gneissose granite" or " granite-gneiss "for those in which 
granitic material predominates, and "injection-gneiss" or 
" migroatite " for those consisting to a large extent of material 
of sedimentary derivation. Many of the oldest and largest 
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granite masses in all parts of the world have this gneissose 
character in part, and it is usual to call them either granite or 
gneiss indifferently. 

A. M. Macgregor has pointed out that there are two types 
of batholith, which he calls “ Sueas4>atholiths ” and “ Daly« 
batholiths" respectively. The former are composed of rocks 
of highly variable character: enclosures of country rock are 
numerous and often large; apd there is evidence of assimilation 
about (he margins, which are of (he intricate type just 
described. The “ Daly-batholiths ” arc composed of fairly 
uniform rock; they show sharp contacts, comparatively few 
enclosures, and little evidence of assimilation. While it is true 
that many batholtths conform fairly closely to either the Suess 
or the Daly type, there are others which have an intermediate 
character. The rock may be massive in one part of the batho> 
lith and gneissose in another; one junction may be sharp and 
another intricate. It is likely that the difference between the 
Suess and the Daly batholith depends on the rate of movement 
during the emplacement of the magma, the former represent¬ 
ing a slow iipwelling of magma and the latter a comparatively 
rapid injection. E. Blackwelder and E. R. Baddley show thM 
67 per cent of the batboliths of North America have a trans¬ 
gressive relation towards the schistosity of country rocks, and 
only ten per cent are conformable to the schistosity. They 
suggest that cross-cutting is characteristic of higher levels in 
the earth-crust, and that at great depths the invaded rocks 
become plastic and Row, so developing a conformable 
schistosity. 

We have seen (hat in the Suess type of batholith the rock 
is very variable in composition. As a rule the variation is 
more or less progressive from the centre towards the margin of 
the batholith. We may take as an example the Vermilion 
granite of Minnesota which is described by F. F. Grout as a 
leuoocracic biotite-granite. Along its northern margin the granite 
develops a gneissic border-pha^, there being within a mile 
"all gradations from gneissic to massive granite." Along the 
southern boundary the granite is bordered for many miles by 
a belt of hornblende-syenite and homblendite, such that "a 
seriei of Intermediate rocks can be selected showing scarcely a 



ERUPTIVE ROCIU »0 

break from granite to hornblendite. No single outcrop shows 
a good gradation, but in a broad way the relation of the several 
rocks to a single period of batholithic injection can hardly be 
doubted/’ The composition of some of the rocks of this batholith 
is shown diagrammatically in the table below, and a map will 
be found on p. 970. 
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In Other instances, variation takes place in the vertical 
direction. The Dedham granodiorite, in Essex County, 
Massachusetts, is a leuoocratic rock containing both inicrocline 
and plagioclase, with 86 per cent of quartz and about 12 per 
cent of dark minerals. It passes downward into quartz^liorite, 
by decrease of quartz and inicrocline and increase of horn> 
blende and augite. This again passes down into gabbro* 
diorite, a rock composed of plagiodase and dark minerals in 
nearly equal quantity. According to C. H. Clapp there 
appears to be continuous transition between granodiorite and 
gabbrodiorite. "The rocks are almost certainly magmatio 
ally related and from their structural relations apparently make 
up one large batholith. Most of the rock of this batbolith is 
gabbrodiorite." 

In laccoliths and sills tlie transition from granite (above) 
to gabbro or another type of basic rock (below) is often ob> 
served. In the Bushveld complex of the Transvaal, which is a 
giant example of the basin>shaped intrusive or lopolith, a very 
acid red granite overlies norite and other " basic *' rocks; and 
similar conditions appear in the Sudbury lopolith, Ontario. 
In each of these coses the passage from the acid to the basic 
rock, which was at one time supposed to be gradational, is now 
known to take place through a very narrow transition-zone, 
and it is claimed in consequence that the acid magma came into 
place slightly later than the basic one. In other insunces of 
the graniie-gabbro association the same sequence has been 
established. The great Breven dyke in Sweden was formerly 
supposed to show a continuous passage from olivine-diabase 
into granite, but later study by 1'. Kro^trom indicates that the 
dyke was probably formed by successive intrusions of olivine- 
diabase, diabase, granophyre, and again olivine-diabase. 
These observations make it rather likely that the apparently 
continuous transition between granodiorite and gabbrodiorite, 
in Essex County, would also prove to be interrupted if better 
exposures were available. 

H. H. Thomas, reviewing the evidence presented by the 
composite dykes and sills of the western islands of Scotland, 
observes that "generally the fissure was first filled by a bn-fjc 
magma that partially sedidified," and this was followed imm»> 
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diately by an acid magma which as a rule “does not chill 
against its more basic associate but merges rapidly ineo it." 

Thb Origin o? Granitic Rocks 

Is granitic magma “ primary ” in the sense of being one 
of the fundamentai materials of the earth, or is it derived from 
something else? The author of the term batholith, E. Suess, 
defined a batholiili as “ a 8iock->shaped or shield-shaped mass 
intruded as the result of the fusion of older formations and 
again he says “ batholiths have reached their present position 
by melting and absorbing tho adjacont rock/' 

The concept of granite as the product of an igneous or 
molten magma has prevailed since the beginning of the Ifith 
century; it survived even H. C. Sorby's demonstration, about 
the middle of the century, that some granite has completed its 
crystallisation at such surprisingly low temperatures as 89* to 
956* C., and his claim that " pro^ of the operation of water ’’ 
in the formation of granite “ is quite as strong as that of heat.“ 
It is only since the application of physical chemistry to petro¬ 
logical problems, during the present century, that the r^iza- 
tioB has come that granitic ro<^ have been formed at compara- 
tivdy low temperatures, from magmas containing water and 
other fugitive constituents. 

Speculation about ibe origin of granitic magma has fol¬ 
lowed three distinct lines. One group of investigators has 
followed Suess to the extent of regarding granite as a “ fused *' 
or completely liquefied sediment; another group, starting out 
from the work of Michel-Lfvy and Lacroix, claims that granite 
is formed by the addition of certain alkaline *' emanations " to 
sedimentary rocks; the third group follows J. H. L. Vogt and 
pictures the granitic magma as a residual liquid from the 
crystallization of much larger bodies of gabbroic magma. 

Among the representatives of the first group, J. J. 
Sederholm may be dted. In his volume (1) on the origin of 
granite and gneiss in Fenno-Scandia, Se^rbolm says “ the 
phenomena of refusion or resolution have occurred here so ex¬ 
tensively that it must be assumed that th« whoU arta has boon 
in a moUing condition, when it was once sunk to so great a 
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depth that it approached the boctooitess magma-ocean or tecto* 
^here of the earth." Following Hutton, Sederholm pictures 
the destruction and gradual renewal of the solid earth -crust as 
a circulation. "The granitic magma, once solidified and in 
part decomposed, undergoes again, when brought into the 
deeper parts of the earth, a resurrection or palingenesis." 

Although, as we pointed out in Chapter V, Sederholm 
sometimes used the words melting and fusion when his mean¬ 
ing was really what we should now call solution or assimila¬ 
tion, yet it seems clear that in the above sentences he had actual 
melting in view. He gives a remarkable account of the 
"palingenesis or refusion '* of a conglomerate near Helsing¬ 
fors, which was " intruded by and partly dissolved in " the 
post-Bothnian granite. At its junction witli mica-schist the 
conglomerate is changed into a more or less massive rock which 
behaves like an eruptive, for it penetrates the schist as veins, 
even when it retains distinct vestiges of its former structure. 
" Thus we have illustrated the gradual transformation of a 
conglomerate into a new magma." Chemical analyses are 
given which show that the intrusive veins have almost the same 
composition as the best preserved facies of the conglomerate, 
so again it would seem that actual melting is indicated. 

P. J. Holmquist writes of an uliramsfamorfhism of 
schistose rocks, by which they are converted into pegroatiiic 
gneiss and granite. He says " 1 am convinced that a general 
segregation of the quartt-feldspar material from the rocks took 
place at this high ck^rec of the r^ional metamorphism, and 
that it marks the first steps of remelting of the crust"... 
"There seems to be no possibility of bringing this pegmatiza- 
tion into connection with any granite." H. von Eckcrmann 
claims that the Loos-Hamra region of Sweden presents a 
" typical case of a regional subsidence of the earth-crust and a 
palingcnetic re>melting of its base." 

W. Wahl shows that the older granites of Finland are 
ohgodase^ranite or granodiorite, the younger ones are micro- 
din^ranite. During the primary stage of the Svecofennian 
folding, the granodiorite magma was intruded into the supra- 
crustal rocks over a considerable part of the total area of Fin¬ 
land. The younger granites, which are rich in potash and 
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silica and oltea pegmacitic in character, are thought to have 
been formed by palingenesis of the older. 

Sederliolm modified his view in later years, for in 1926 he 
wrote “ the word refusion does not imply that a dry fusion 
should have taken place." He introduced the term anaUxis 
and defined it as " r^usion, although in some cases re^lution 
would be more appropriate." Then he said specifically that 
"the anatexis of the crustal granitic masses has been caused 
... by the infiuence ot emanations from the abyssal magma, 
whatever may have been its composition." In 1933 he wrote 
with more assurance about these emanations. " Granitic ichor, 
a magma diluted with water and containing other mineralizers, 
has played a great part both In the last stages of the oonsolida* 
tkm of plutonic ro^ masses and in the formation of migma- 
tiies. lliis ichor percolates through the older rock-masses and 
dissolves some of their minerals and rejdaces them with others, 
gradually giving the rocks a more granitic composition." 

Starting from the "juvenile gases" of Suess, whicli were 
supposed to be given out by the core of the earth in cooling 
and to be so hot that they would " melt and stope (heir way 
through the overlying roc^," we have in recent years reduced 
our demands to a dilute, watery magma containing the con¬ 
stituents which are necessary to convert siliceous and alumi¬ 
nous sediments into granite; in other words, a solution of 
potash and soda, at a temperature not much above that of a 
hot spring. 

Since 1933 there has been a stream of publications descriU 
ing the *'granitization " of sedimentary rocks by emanations 
from adjacent bodies of granitic or granodioritic magma. To 
cite only a few examples, we have the description by A. L. 
Anderson of the Cassia granodiorite in Idaho, which has con¬ 
verted the surrounding quartzite into quartz-microdine granite; 
H. Ebert's account of the hybrid granite of Lausitz, Saxony, 
and the formation of aplite veins by liquatton; C. E. Weg- 
mann's study of migmatite; H. C. Horwood's study of graniti¬ 
zation in the Cross Lake region of Manitoba; M. MacGregor’s 
account of the evolution of quartz-diorite in Galloway, Scot¬ 
land; and the description by C. H. Anderson of the granites of 
the Northern Inyo Range in California. 
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The Inyo bathoHth Is composed of two kinds of granite, 
the Pellisier granite overlying the Boundary Peak granite. The 
last-named is a fairly uniform, light grey biotinsgranite with 
very few enclosures. The Pellisier granite Is dark grey, like 
the argillites and phyllites with which it is in contact; and it 
is decidedly variable both in composition and in texture. It is 
sometimes porphyritJc, and it has a mottled appearance owing 
to the uneven distribution of hornblende and biotite; enclosures 
of the country rock are abundant. It is demormrated that the 
Pellisier granite was formed in place, partly by rccrystallization 
and partly by replacement of the country rocks, which include 

UiMMona, I.i Schist ud ArfiUito, 8; rellUisr CraiiiM, P; Boundary 
Posh Gruillo, B. 

Pio. M. Conaralisod Mction screw tbs nonbern tnyo RcDfe, Csiitornis. 
(C. H. Andsrsoo.) 

both sediments and interbedded volcanics. The necessary beat 
as well as die transforming solutions are believed to have come 
from the Boundary Peak granite magma. 

H. C. Horwo^ has shown that in the Cross Lake region 
of Manitoba, rocks as different as arkose and andesite have 
been granitlzcd, and that in each case the end product is a 
granitic gneiss which approaches in composition to the younger 
granite which invades both rocks. Horwood does not assume (as 
others have done in similar cases) that the younger granite is 
consequently the ultimate product of granitization, but makes 
only the reasonable claim that "the norma! aqueous end pro 
ducts of a granitic magma will under favorable conditions 
replace the rocks they flow through and produce rocks of 
granitic composition." 

Such studies as these do indeed demonstrate that rocks of 
granitic aspect and composition have sometimes been formed 
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from sediments, by the action ^ solutions emanating from an 
adjacent body of acid magma. But the product is not granite: 
it is a mixed rock which restmbUs granite more or less closely. 
F. F. Grout (3) has discussed the formation of igneous>looking 
rocks by metasomatism, and shows that many writers have 
failed to distinguish clearly between the generation of granite 
and the generation of rocia that look like granite but have a 
totally different history. The loosely used term " granitiza> 
tion ” requires to be clearly defined, and Grout offers the fob 
lowing d^nition: " Granitization includes a group of processes 
by which a solid rock (without enough liquidity at any time to 
make it mobile or rheomorphic) is made more like gfranite than 
it was before.” 

A rock produced by the recrystallization (without melting) 
of an arkose should not receive the same name as a rock form^ 
by the stow crystallization of a rhyolitic magma, although the 
two rocks may be almost identical in mineralogy, in chemical 
composition, and In texture. Only orte of them is granite; the 
other is a ” pseudo-granite," or a ” metamorphtc granite ” as 
it was called during last century. The recognition that some 
granitic rocks are meumorphic should rtot stampede us Into 
the weak conclusion that no granite is eruptive. 

In a further group of studies of granitization there is not 
even an acid or baste magma within right; we are asked to 
believe that emanations of utikaown origin have converted sedi¬ 
ment into granite. In this group we must notice the remark- 
able case ^ the Kilfarney gneiss of Ontario, as described by 
T. T. Quirke and W. H. Collins. 

North of Lake Huron a belt of Huronian sediments com¬ 
prising quartzite, conglomerate, greywacke and limestone, is 
closely folded along an E-W axis and is invaded by small 
bathoiiths of Killarney granite. At the eastern end, where the 
thickness of the sediments is 23,000 feet, they suddenly vanish 
and their place is taken by granite and gneiss. The line of 
separation is fairly straight and cuts diagonally across the 
strike of the Huronian. In part this is due to faulting, but in 
other parts there is evidence of extensive granitization of the 
sediments, which are said to grade into pink and gray gneiss 
and eventually Into normal granite. In the neighbourhood of 
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Killaraey the Lorrain quartzite, which is entirely composed of 
quertz and white mica, begins to develop red patches and 
<^nges gradually into a dark red quartz^eldspar^ricite 
gneiss which retains the bedding of the quartzite. In a further 
stage the gneiss becomes more coarsegrained and develops 
insets of ortbodase; the banding of the gneiss becomes obscured 
and the texture becomes more and more granitic. “ There is an 
unbroken gradation from quartzite at one end to syenite and 
granite at the other." Quirke points out that there are no 
pegmatite "feeders" in the Killarney gneiss, so it is not a 
migmatite. In that case we are left without any explanation 
of the source of the alkalis which have converted hundreds of 
square miles of sediments into banded gneiss and granite. 

W. A. Jones has made a petrographic and chemical study 
of part of the Killarney area and not accept Qulrke's 
claims regarding granitization of the Lorrain quartzite. Jones 
shows that the undtered quartzite contains 4 38% of K,0 in the 
form of muscovite; enough to furnish some of feldspar 
without any addition from outside sources. His microscopic 
examination " did not reveal proof of the origin of the fine- 
graioed gneiss by the mctasomatic replacement of quartz by 
feldspar." Nevertheless Quirke (1940) insists that the field 
evidence is more reliable than Jones* chemical and microscopical 
data, and he cannot abandon the conclusion that the fine¬ 
grained porphyritic gneiss is a highly metamorphosed quaitz- 
itlc rock. 

An interesting divergence of views appears In the inter¬ 
pretation, by G. E. Goodspeed and K. B. Krauskopf respec¬ 
tively, of the Wallowa batholith in Or^on. The very uniform 
rock that composes this batholith may be simply described as 
a plagioclase^ranite; it has been intruded into a " hetero- 
j^neous assortment ” of homston^s, greenstones, limestones, 
limy shales, and quartzites. Goodspeed and Krauskopf are 
agreed that granitization has taken place at many points about 
the borders of the batholith, and that "all varieties of meta- 
morphic rocks which make direct contact with the batholith can 
be shown to undergo locally an extreme alteration that gives 
them a texture and composition similar to the intrusive." Good- 
speed suggests therefore that" most of the ptanitic rocks of this 
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region were formed in place from sedimentary rocks by the 
gradual additive and su^ractive action of hydrothermal solu* 
lions,” and he derives these from "the deeper portions of the 
lithosphere.” But Krauskopf argues against granitization in 
place as the sole means of emplacement of the bathoUth, on the 
ground of the remarkable uniformity of the granite in texture 
and composition, and the absence of evidence of assimilation 
along considerable stretches of the contact. He claims that 

some movement of the batholith as a whole seems necessary 
to explain its simple structural pattern, its prevailingly sharp 
contacts, and its petrographic uniformity.” Krauskopf seems 
inclined to substitute palingenesis in depth for granitization in 
place, as the origin of the batholithic rock. 

In Norway and Sweden the idea of granitization by emana¬ 
tions which are not derived from a magmatic source has found 
several advocates. H. G. Backlund discusses granitization in 
terms of rktomorphism, which he defines as ” the sum of the 
processes of partial or complete thermal liquefication of a pre¬ 
existing rock with addition of smaller or larger quantities of 
new material which has entered by diffusion ”; but he gives no 
indication of the source of this new material. T. F. W. Barth 
contends that the Telemark granite of southern Norway, which 
covers an area of 16,000 square miles, was formed by ” an 
ichor of granitic composition ” which rose almost vertically 
from the depths and granitized all rocks in its course. This 
ichor is thought to have been formed by ''differential re¬ 
fusion ” of the oldest pre-Cambrian rocks, followed by squeez¬ 
ing out of the pore-liquor thus formed. ” This pore-liquor or 
ichor originated in the interstices of the mineral grains and 
extracted from the rocks the ingredients that were easily dis¬ 
solved and easily fused. . . . Driven by gravity and orogenic 
movements . . . this liquor slowly rose to higher levels, dis¬ 
solving, aswmilating, or altering roetasomatically every niol^ 
cule of the subjacent rock masses. Thus was formed' the 
Telemark granite.” 

In Chapter X we discussed the nature and composition of 
the residual fluid from crystallizing magma; this is the only 
” ichor of which we have any knowledge, and its anfoiint is 
limited by the known solubility of water in molten granite, 



ERUmVE BOCKS SW 

The '* pardft] or complete thernul liquefaction ” which Back* 
lund postulates, and the “differential refusion“ pictured by 
Barth, would not yield such an ichor. It is possible to study 
the partial melting of granite in some instances. Larsen and 
Switzer described a mass of granodiorite which was enclosed in 
ande»tic magma and almost half melted; and other writers 
have record^ similar phenomena. In no case do the two 
liquids appear to have mixed tc^ether. The writer has studied 
granitic inclusions from the lava of Paricutin, the Mexican 
volcano which broke out in 1948. The inclusions have been 
melted to a considerable extent, forming a colourless interstitial 
glass. The olivine-basalt which envelops them has a base of 
deep brown glass. Where the two kinds of glass meet there is 
no sign of mixing, even on a microscopic scale, and the white 
glass has rough, jagged edges like a solid body. By no 
imaginable means could a “liquid ’* of such extreme viscosity 
be separated from the associated crystals, or assume the chara^ 
ters <>( a “granitizing ichor.'* 

Some petrologists now dispense altogether with ichors and 
scdutkms and claim that metasomatlc reactions, even on a large 
scale, have been effected by the migration of ions through the 
crystal lattices in completely solid rocks. The basis for this 
o|»nion has been presented by R. Perrin and M. Roubault (1, 
9). In the first of these publications these writers describe 
recent experimental work on reactions in the solid state; in the 
second they discuss the granite problem in the light of this 
work. They do not deny that water has played a part in the 
genesis of granite, but they attach much more importance to 
solid diffusion. J. A. W. Bugge has discussed the thermody¬ 
namics of solid diffusion and has applied his conclusions to 
perthitic feldspars, coronas, and the granite problem. Although 
he strongly believes in the geological importance of solid dif¬ 
fusion, he admits that a certain amount of diffusion, especially 
of the larger ions, must take place through intergranular films. 
Healthy criticLsm of the hypothesis of sdid diffusion has come 
from the pen of N. L. Bowen. 

We come at last to the third hypothesis of the origin of 
granite, which is associated especidly with the name of 
J. H. L. Vogt. In various publications ^nce 1908, Vogt has 
maintained that granitic magma is of the nature of an eutectic 
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residue, or at any rate a “ resumagma,” from the crystalliza> 
tion of the basic magma. In 1931 he was still convinced that 

granitic magma is the final product of a long series of dif¬ 
ferentiations in the rest-magma direction," but he oiTered no 
opinion as to the mechanism by which the rest-magma became 
.separated. 

The presence of interstitial micropegmatite, composed of 
quartz and alkali-fcldspar, in many diabases has been held to 
support Vogt’s contention. As long ago as 1899, A. C. Lane 
asserted that the interstitial micropegmatite in diabase dykes in 
Michigan is the last product of the basic magma, and not a 
secondary material as others had claimed. In diabases of the 
Thotei type the place of micropegmatiie is taken by a glassy or 
cryptocrystalline material. F. Walker was able to separate 
enough of this interstitial glass, from a Scottish " tholciite," 
to have a complete chemical analysis made. The result is ex¬ 
pressed below in the form of the calculated mineral composi¬ 
tion. 

Fntirt Glttty Hftidut. 

Quaru .. . 7-6 90-7 
Orthoclase . 12-2 25-0 
Albite . 17-8 20-4 
Anorthite . 17-5 16-0 
Pyroxene . 255 2-B 
Ores, etc. . 156 2^ 
Water ... . 3-6 8-7 

Walker's results amount to complete demonstration that 
the residue from the crystallization of this very common type 
of rock has actually the chemical composition of a granite. 
The high content of water should be noted.* 

P. Eskola, starting from the logical postulate that 
"granite could not be formed by re-fusion of older material 
before the existence of something to be re-fused," maintains 
that the earliest method of formation of granite must have been 
differentiation of the rtmo or basaltic layer of the earth crust, 
fie is satisfied that the inter^itial micropegmatite of diabasic 
rocks is the final product of the crystallizing magma, and he 
thinks that a certain amount of the residual liquor might be 
squeeatd out. from the mush of crystals end liquid, by earth- 
movements. But he keeps a foot in the Sederholm camp too. 
claiming that there may be some degree of differential fusion 
*See abo R. A. Vlnccfli, Mtn. Msf. 30. I960, p. 40. 
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of crusul rocks when they are depressed in geosyndines. He 
thinks both processes have been active in forming the outer, 
granitic shell of the earth. 

H. H. Thomas and E. B. Bailey have brought to notice 
eleven instances of density'Stratification in dyke-rocks on the 
island of Mull. Each dyke consists of gabbro passing up into 
granophyre. In the dyke which they have chosen as their 
typical example there is an upward transition from gabbro. 
consisting essentially of plagiodase and pyroxene, through a 
dioritlc rock containing two kinds of feldspar, to a pink rock 
composed of alkali-feldspar with subordinate quartz. The 

. specific gravity of the gabbro is 8, that of the granophyre 
about d'S. Thomas and Bailey contend that “ In such a high 
column of magma as these dykes represent, the gravitational 
pressure of the early crystalline phases on the still liquid 
residue would be considerable, and would in our opinion be 
quite sufficient to cause an upward filtration of the still fluid 
portion of the mass, and its ultimate intmsion as an entity into 
the uppermost part of the dyke-fissure.** 

l^th A. Holmes and C. N. Fenner have vigorously 
criticized this conclusion. They point out that the hypo¬ 
thetical granitic residual liquor could hardly have amounted to 
more than 6 or 10 per cent of the original magma, and they 
claim that a much greater deforming force than gravitation 
would be required to squeeze this r^due out. They also 
point to the absence of rodrs of intermediate composition and 
ask why the expulsion of residual magma should invariably ba 
dela)red until the residuum has reached a granitic composition ? 

To this rhetorical question one can only make a suggestive 
reply. F. Walker's analysis of the glassy residue of a tboleiite. 
alre^y cited, shows a very high content of water: if 6'7 per 
cent ctf water was retained in the glass, it is likely that the 
residual magma held no less than this quantity of water. This 
would give it not only a low viscosity but also an extremely 
high vapour pressure; so high that actual boHing might be 
expected under certain conditions. The process of boiling or 
"gas<strcaming" (as we called it on an earlier page) might 
cause the expulsion of some of the liquid residue from the in¬ 
terstices of the crystalline rock. If this be admitted as a possi- 
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biiity, it would explain the absence of rocks of intermediate 
oompoisick>n, for the expulsion of the interstitial liquid would 
only begin when boiling set in; that is, at a very late stage 
in the crystallisation of the system. 

in further criticism of the theory of Thomas and Bailey. 
Holmes asserts that there is no known example of an over* 
saturated lava on any of the basaltic islands of the Pacific. 
(Actually there are several records of rhyolite or quartz* 
trachyte on oceanic islands, os on the Marquesas, Tonga, 
Hawaii, Gambler, Easter, Samoa, St. Paul, St. Helena, 
Ascension, but the amounts are relatively insignificant.) How* 
ever, W. Q. Kennedy retorts that the thtrieiite type of diabase 
or basalt, whlcli is the type that gives granitic residua, is 
equally scarce on oceanic islands. The basalt of these islands 
is typically olivine*bearing and often olivine-rich, whereas 
Iholeiite is either free from olivine or else it holds only a little 
olivine by reason of the non-completion of the Bowen-Ander* 
sen reaction. 

Now, although rhyolite is rare on oceanic islands, trachyte 
is commonly found there in small amounts, os on Ascension. 
St. Helena, Mauritius, Hawaii, Samoa; and it has always 
seemed impossible to explain this association except by the 
separation of residual liquid from crystallizing olivin^basalt. 
If such an idea is acceptable in the case of the basalt-trachyte 
association, why should it be unacceptable in the case of 
diabase and granophyre? The writer suggested some years 
ago that gas-streaming boiling) may have been the cause 
of the separation of trachyte from basalt on the island of 
Mauritius. He would extend that suggestion to the case of 
gabbro and granophyre. The process pictured is a purtlv 
mechanical expulsion of residual fluid by bubbles formed in 
the interstices of the crystal network when the vapour pressure 
reaches its highest value. It is not the same as the transfer¬ 
ence of material in the gaseous state, which has been discussed 
by C. N. Fenner. 

Out of this review of the evidence bearing upon the origin 
of granite, two facts emerge. One is that granitization, or the 
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conversion of sedimentary rocks into something that resembles 
granite, has taken place on an enormous scale in many parts of 
the world. The other is that the residual liquor from the crystal¬ 
lization of basaltic magma may approach granite in composi¬ 
tion. Furthermore, it appears that this granitic residue may 
on occasion become separated from basic rock and form semi¬ 
independent bodies of granophyre and red granite. The ques¬ 
tion arises whether it is possible to identify the feldspathizing 
"ichor ” of one school of petrology with the " residual liquor " 
oi the other ? The answer must be no, because the ichor that 
can (by hypothesis) granitize hundreds of square miles of sedi¬ 
ments must be enormously more plentiful than the residual 
liquor of all the known basic intrusives in the neighbourhood. 

To throw all responsibility for the widespread granitixa- 
lion of sediments upon a hypothetical ichor is not a satisfac¬ 
tory solution of the problem. Perhaps some of the phenomena 
that are attributed to the ichor are capable of a more prosaic 
solution; namely, the r«dulri6«lton of alkoHs by connaio vaUr 
contained in the pores of the sediments. It has been demon¬ 
strated experimentally by P. W. Bridgman that a pressure 
equal to the weight of 17 miles of rock is not able to dose all 
the pores in rocks. Some proportion of connate water must 
ther^ore be retained even in the deepest sediments. It may 
be heated and set into circulation by intrusive magma, and to 
a certain extent it may be activated by the fugitive constituents 
of such a magma; but perhaps the main effect of the circulating 
fluid may be lha redistribution of naUtt that is already there. 
rather than the introduction of new matter. 

It seems to the writer that we should do well to keep an 
open mind for a little longer, as regards the origin of granite. 
While freely admitting the reality of granitization (in the sense 
of Grout's definition), we should beware of attaching a miracu¬ 
lous potency to " ichors " and " emanations." We do not 
explain one mystery by substituting another for it. Palin¬ 
genesis remains a hypothesis, but rhyditic magma is a fact. 
For the present, the wisest procedure is to follow the petrolo- 
gists of last century and admit the existence of two kinds of 
" granite," respectively eruptive and metamorphic. Concern. 
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ing these we quote the words of Ferdinand Zirl^l, written in 
1876:— 

** The tfraniles ol th« Foftieth Paraltel are doubdeea partly eru^ve 
rocka, which have broken through aedlmentary strata of a tUnerent geologl* 
caJ age, aitd in part depewtenclet of the old cryttalllne Khiata, alternating 
with gnei«*ea, ate., and ehowing no aign of cru^ve character. What¬ 
ever may be the ongin of the crystalline tchista, that of the accompanying 
granilaa murt be the aame. Ai^rding to the nmt favorite theory, tneee 
granilee that are not eruptive, and are at the tame time gciverally strati- 
fted. should be called metamorphic granitea." 

Even that scaundi protagonist of granitization, H. H. 
Read, admits at the end of his meditations that there may be 
" granite and granite/’ 

The Oocurrbncb and Genesis op Rhvolits 

We have already qtioted a well-known computation by 
R. A. Daly, which shows that oversaiurated pluionic rocks 
form something like ninety per cent of the area of all the deep 
seated rocks of the United States of America, whereas over- 
saturated lavas make up only twenty-iliree per cent of the 
volcantcs. For gabbro and basalt (including both olivine-free 
and olivine-bearing types) the position is reversed, because 
gabbro, anorthosite and diabase together account for no more 
than ten per cent of the plutonic rocks, while seventy-five per 
cent of the volcanic rocks are either basalt or pyroxene-andesite. 
Geological considerations make it easy to undersund why a 
particular kind of lava should cover a greater area than the 
corresponding kind of plutonic rock, but hard to conceive why 
it should cover a smaller area. If all granitic rocks were pr^ 
Cambrian and all basalts 1'ertiary, an explanation might bo 
found in terms of erosion; but the Jurassic granites of the 
Sierra Nevada and the Coast Range, and the pre-Cambrian 
anorthosites of Quebec and New England, make such an 
explanation untenable. 

The data quoted above contain a very definite suggestion 
that the extrusion of rhyolitic lava is not necessarily connected 
with the intrusion of a body of granite. We have already 
discussed the possibility that some granite may be derived from 
the residual fraction of a body of crystallizing stnui or basaltic 
magma; if so, then some rhyolite may have a similar origin. 
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There i* abundtnt evidence of a close connection in time as 
well as In space between rhyolite, andesite and basalt. H. S. 
Washington has furnished several Insunces of this associa- 
tkM; noUbly (1) at Monte Arci. Sardinia, where rhyolite was 
followed by andesite and basalt, and (3) In the Lepari islands, 
where the earliest eruptions were basaltic, the later ones 
andesitic, and the youngest rhyolitic. At Steens Mountain, 
Oregon, It appears from the work of R. E. Fuller that basalt 
was followed by rhyolite, dacUe and andesite, and the series 
ended with a recurrence of <rfivine-basalt. In the Newberry 
vokano, Oregon, H. Williams established the following suc¬ 

cession of flows:— 
6. Rhyolite (In south wall only) up to lOOO feet thick. 
5. Basalt (m north and eut w^) ,, 450 „ „ 
4 and 8. Basalt and andesite „ 500 „ „ 
2. Rhyolite ,, 400 ,, ,, 
1. Baiali ,, 2000 „ ,, 

M. C. Bandy has lately described the petrology of Easter 
Island, in the east<entral PaciBc. The youngest volcanic 
product of this typically basaltic Island is an acid obsidian, 
which Bandy estimates to form only 009 per cent of the amount 
of basalt. 

Such evidence as this compels one to admit that basalt and 
rhyolite may have a common origin, in which case It must 
follow that the rhyolite wss derived from a basaltic parent, 
since the converse is dearly impossible. Nevertheless, some 
rhyvdiir mii.st be connected with underlying granite. P. 
Upadu-Hargues has recently described a granite pluton in the 
Western .Sahara which has a roof of rhyolite into which it 
pwaes by continuous transition. 

REFERENCES. 
Aw»a*oM, A. L. Jout. Cttl.. 42, ISM, p. m. 
^MUON, c. H. 0ua. G*cL See. AmeT. 4®. 193r. p. 1. 

H. G. m ByQ. del. Imt. Vtih. Vfnia. »?. 1987, p. 284 
W Ced., 4«, 1M8, j>. ». ^ 

£?• 48, US7, p. 1689. 
T. P. W. Raport. /fit. C«L C»^., 19^8. p. 803. 

S' *»• GteCSot. Amef.. 86, 1926, 

^woi. N. L, Caol. See. Amtr., Utmeir 28, IMS p 79 
Boixuua. P. W, Amtf. Jeut. Sei.. 46, 1918. ^9^’ ^ 



THE OVESSATURATED ROCKS W7 

BROoon. W. C. Enip<lv|Ms(ein« dcs KriatJanlaRebicte*. VoJ, 9. p. 130. 
Buooc, I. A. W. Norsk, Vid. Akod. 0*to. 1W5. i»o. 13. 
a.AfT. C. H. VS. Cool. Sunny. B«Il. 704. IWl. p. 86. 
Dalit. R. A. iKneout Rocks and Their OtIbIo. MU. Chapter 8. 
EaKRT. H. ZoU. douUck. gtol. GtttO. 87. 198S. p. 190. 
EaaoLA, P. m iiin. P*t. Mitt.. 48. MSS. p. 466 
——. (S) Comp. fend. Soo. geoL do FittSondo. 7, 1988. p. IS. 
Fiknir, C. N. jour. Cool. 46, 1037. p. 168. 
PuLLM. R. E. Uni*. Washington PuhL. Vol. 8. no. 1. 1081. 
Oooo«p». G. B. Froc. 6lh Pacide Sd. Congress, 1030. p. 809. 
Grout. F. P. fl) /o«r. Geol. 88, 1998. p. 467. 

ffl o“B. Geot. Sot. Amer., 69, 1041, p. 1698. 
Hawkks. L. OMorl. four. Ccpi. Soe. Lofidon. 60. 1094, p. 640. 
Homsm. a. Geel. Mag.. ^ 1931. p. 241. 
HoLUQtnRT. P. T. B»ir. Geoi. Irut. Unh. Upsola. 16. 1018, p. US. 
Norwood. H. C. Tram. Roy Sot. Canada. Sac. 4. 1036. p. 90. 
JOHHROR. W. D.. AKD Cloo*. E. Ston. Ctoi.. 1084. p. 41. 
JoNva. W. A. Vnio. Toronto Studies. Geot. Series, no. SO. 1080, p. 89. 
Kraimrow, K. B. Amer. Jour. Sd.. S41. 1948. p. 607. 
KROKRTRtSM, T. B»0. GeoX. Inst. VpsaU. 98. 1089. p. S48. 
Lmroix. a. Carte geot. do la Prance. Rull. 64 and 71. 1896-1000. 
Lanr, a. C. Jour. Geot.. 80, 1099. o. 16S. 
Lanoton. C. M. Jour. Geot. 48. 1986. p. 97. 
I.A»*ix>.Haroub. P. Comptes RendiK. 225. 1017. n. 900. 
Urrrx. E. S.. and Swrrai*. G. Amer. Jour. Sri.. 237. 1939. p. 582. 
Maoorrioor, a. M. GeoL Mag.. 1089. p. 18. 
Maoorroor, M. (11 Quart. Jour. Geot. Sot. London. 1037. p. 467. 
-. (91 CeeJ. Mag., 1988. p. 481. 
PcitItIN, R.. AND RoutAtiLT, M. (1) BnU. Carta giol. Algdrle, Ser. 5. 

no. 1, 1037. 
— —, (21 BnH. Carte gdol. Akidrlr, Ser. 8. no. 4. lOflO. 
PHtMitTtR. T. C. Ouort. Jour. Geot. London. 1045. n. 37. 
Quirrr. T. T. ni SttB. GeolSoe. Amor.. 88. 1997. p. 76A. 
-(9) Bull. Geot. Sot. Amer.. 61, 1040. p. 9.37. 
-^ AND CoiLlN*. W. H. Geot. Sun. Canada. Mam. 100. 1980. 
Rrad. H. H. Prot. Geetogists" Atsoe. 84. 1043. p. 64: 66. 1044. p. 46. 
Srdirholw. J. J. RuU. tomm. geot. PitOande. 98. 1907. p. 101. 
—. (91 Inl. Geol. Con^. Canada. M18. 

. (81 Butt, eomm, gaoL Pinlattda. 68. 1093. p. 198. 
(41 BnU eotnm. geoL Pinlande. 77. lOM. p. ISS. 

-■ (8) Int. Geol. Cong. Rpt.. 1988. Vo4. 1. p. 987. 
Smand, S. ]. ^uert. Jour. Geol. Sot. London, 80. IMS, p. 1. 
SoRBY. W. C. Quart. Jour. Geot. Sot. London. 1868. p. 468. 
Ssmt, B. The Pace of the Barth, Vol. 4. p. 669. 
Thomas. K. H. Mem. Geol. Sun. Scotland (Ardnamurchan), 1930. p. 63. 
-. AND BArutv. B. B. Mem. Geol. Sun. StoOand (Mull). 1924. d. 3^. 
VooT, J. H. L. ai Norik. Vid. Akod.. Oslo. t. 1080. no. 8. p. 938. 
- (9) Zait d. d. GaoL Gesail. 88. 1031. n. 914. 
VoM BcnsMANN. H. Geol. Poren. Pork. Stockholm, 80. 1088. p. 179. 
Wahl, W. BhB. comm, jteol. de Pinlande. 10, 19^, p. 609. 
Walxm, F. Miner. Mag.. 94. 1086. p. 166. 
Washtnoton. H. S. Amer. Jour. Sri.. 98, 1918, p. 877. 
-. Amer. Jour. Sri.. 60. 1990, p. 446. 
WBMfAXN, C. B. GcoL RundsekOH. 96. 1088. p. 806. 
WrtxiAwa. H. BuB. Geol. Sot. Amer., 46. 1988. p. 300. 
ZtRXXL, F. MIor. Petrol, of 40th Parallel, 1876, p. 39. 

•9 



// u 
M H 

4nti « ImptrUal !• tUt tUtty •r tkct 
Hu fl^ *r A. MiUJWK. 

CHAPTBfi XVJ 

TIfE SATURATED (AND SLICHTr.Y OVER¬ 
SATURATED) ROCKS 

CXXUKRENCE AND GENESIS 

A saturated rock is one which contains neither free silica nor 
any unsaturated mineral such as nephctine or olivine. Since 
saturation with silica is just an iotermediate stage between over- 
Mturation and undersaturation, saturated rocks ought to be 
relatively scarce. Many rocks have been described as syenite, 
moDxonite, or diorite which actually contain ten to twenty per 
cent of quartz; and many gabbros, diabases and basalts have 
cither a little interstitial quartz or a good deal of olivine. 

A small quantity of an unsaturated mineral is easy to 
looDgnize, for olivine stands out in high relief in thin sections 
and the presence of feldspethoids is most easily demonstrated 
by staining ($. |. S., 1): but quartz in small quantity is less easy 
10 recognize and it may be present to tlte extent of several units 
per cent without being detected under the microscope. In a 
hypocrystaJline rock any excess of silica tends to be retained in 
the glassy base, where it cannot be detected without chemical 
atutlysis: nnd even when a complete analysis is available the 
calculation of the mineralogical composition presents difficul¬ 
ties. The norm is no safe guide to the presence or absence of 
quartz, for in ooruequence of the method of computation quartz 
may appear in the norm, although it is entirely absent from the 
rock. 

For these reasons it is difficult to apply the saturation 
crrtprloo strictly as Hoards the presence or absence of quartz. 
A further consideration is that we could not apply it strictly 
wttlHmt redefining cerUin names such as syenite, monzonite 
and diorite. and it is dear that the majority of petrologists are 
nos prepared for such a change. Under these circumstances 
we can only continue to use these names ii» a loose way, but 
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w« should try to avoid using them so loosely that they have 
no de6nite mineral<^ica] or chemical significance at all. There 
can be no justification for giving the name syenite to a rock 
with 25 per cent of quartz, or even with 15 per cent of quartz. 
When the proportion falls as low as 10 per cent, the quartz is 
interstitial and not easy to see without the microscope; under 
these conditions the name quartz-syenite may be acceptable. 
It is proposed, then, to discuss along with the saturated rocks 
those transitional varieties in which the proportion of quartz or 
free silica does not exceed 10 per cent. (The presence of this 
small amount of quartz in any particular rock may be indicated 
by writing a small letter o in place of the capital letter in the 
symbol of the rock.) 

But as regards the lower boundary of the class there should 
be no concession to a careless custom. The state of exact 
saturation with silica marks a phase-boundary in the system, 
at which one cliaracteristic phase has just disappeared and 
another is just about to appear; the presence of the smallest 
recognizable quantity of any unsaturated mineral such as 
nepheline or olivine indicates (he crossing of the boundary and 
justifies, or even demands, a change in the name of the rock. 

The Occurrskck and Genesis or Syenite 

The majority of syenites are either marginal modifications 
of great bodies of granite, or else they rise in (he form of 
dykes, stocks or cupolas from the roof of a concealed granite 
batholith. Thus (he Flatten and Meissen syenites of Saxony 
are local phases of the Meissen granite; the granite of Upsala, 
Sweden, passes locally into syenite; the Overly syenite in 
Massachusetts is a fades of the Quincy granite; the Vermilion 
granite in Minnesota has a syenitic border facies; and the 
syenite of Bulawayo, Rhodesia, forms a lobe of the Matopo 
granite. In some in.<(tanoes, however, syenite forms a mar¬ 
ginal facies about a foyaite intrusion; this is the case at 
Umptek, in the Kola Peninsula, and Pilansberg, Transvaal. 
In the Haliburton-Bancroft district of Ontario, syenite is asso¬ 
ciated with granite and foyaite and is transitional into both 
rocks. A transition from granite through syenite into foyaite 
has been reported at French River, Ontario; at Ditr6, 
Roumania; and at Ilimausak, Greenland. 
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The syenite of the Adirondack Mountains, New York 
State, as associated with anorthosite and R. Balk formerly re¬ 
garded it as the “ nwther liquor ” left behind by the removal of 
labradorite crystals from a gabbroic magma when in the state of 
a “ crystal mush.” But W. J. Miller (1) says emphatically that 
he has never found any proof that either syenite or granite is a 
differentiate of anorthosite in this region, and he claims that 
where apparent transition is seen it is due to assimilation of 
anorthosite by a younger granitic-syenitic magma. A. F. 
Buddington also takes this view of the matter. 

Snull stocks and bosses of syenite are not uncommon in 
the neighbourhood of larger granite intrusions. In a belt 
about 10 miles wide around the Vermilion batholith, F. F. 
Grout indicates at least half a dozen such stocks at Rainy 
Lake, Poohbah Lake, Snowbank Lake, Kekequabic Lake, and 
Vermilion Lake {Fig. 88). The average diameter of these 
stocks is not more than five miles, and some of them include 
shonkinitic and foyaitic rocks as well as syenite. In the Trans- 
vaal the consolidation of the red granite of the Bushveld Com¬ 
plex was followed by the eruption of syenitic magma through 
vents and fissures, as at Leeuwfontein, near Pretoria. 

The Monteregian Hills in Quebec are formed by nine 
small stocks or laccoliths which are in the main syenitic in 
composition. Brome Mountain, the largest of the group, is a 
laccolith covering SO square miles; Shefford Mounuin covers 
9 square miles; the others are bosses of 8 square miles or less. 
Intrusives of the same geological type and similar petrographic 
character reappear in New England; J. E. Wolff enumerates 
five in New Hampshire, three in Vermont, and two in Maine. 
The syenite is associated with foyaite and other rocks, and in 
no instance does the syenitic facies occupy more than six square 
miles. 

In most of these cases it is impossible to doubt that the 
,^enite existed as a magma; at Leeuwfontein, for instance, the 
syenite is associated with lavas of its own composition. But 
H. Ebert claims that the well-known syenite of the Plauenscher 
Grund, near Dresden, was formed by an accumulation of feld¬ 
spar crystals from the adjerining Meissen granite magma, and 
that only the cementing matter between the feldspar crystals 
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represents the original fluid. F. L. Amm has formed a similar 
opinion regarding the genesis of the syenite at Bulawayo, 
Rhodesia, In which the proportion of large feldspars to 
gioundmass is excessive. It is not unlikely that the mechani. 
^ accumulation of crystals may have played a part in the 
genesis of certain other syenites, particularly those with 
prominent twnded structure and parallel texture. 

In a remarkable instance described by 0. H. Erdmanns* 
dilrffer in the Harz Mountains it is claimed that pyroxene* 
syenite has been formed by partial refusion of trachytic tulT, 

oeocasary heat being supplied by an intrusion of gabbro. 
The erideace cited above regarding the occurrence of 

^reaite should be enough to prove that there can be no inde* 
pendent body of syenitic magma in the lithosphere. Syenite 
has geivesalty been formed from granitic magma that has 
undergone desilicatioa and contamination, though in some 
cases it may perhaps represent a residual product from the 
cryKaliUation of gabbroic magma. The problem of the origin 
of syenite by desilication of granitic magma will be token up in 
a later ebaptar, in connection with the genesis of feldspathoidai 
rocks. Tlw whole amount of syenite in the lithosphere is in. 
aignificanc in comparison with granite or gabbro. 

The name skonktnite was given by W. H. Weed and 
L. V. Pirsson to a melanocratic syenite at Shonkin Sag, 
Montaru, which was described by them as consisting of 
•‘nearly equal volumes of augiie and orthoeJase.” A little 
nephelinc or sodalite is present in some facies of this rock, but 
the name should be used with the meaning given to it by Weed 

PifSBon. Other rocks of this character have been described 
under the name shonkinitc in Montana, Minnesota, British 
Cotumbia, the Ural Mounuins and the Transvaal; so we mav 
wprd stumkinite as the accepted name for raesotype and 

syenite. Shonkinite is typically a transitional 
tints between syenite and pyroxenite and it is probably due to 
a purely enrichment of the syenite magma with pyroxene 

There are no lavas of shonkinitic composition. The 
rtilled marginal phase of the shonkinite at Shonkin Sag is a 

« contains more soda and 
potash than the shook,mte, and less lime, magnesia and iron. 
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and [(.formed leucitc in cooling. This is a clear denwnstration 
that the shonkinite was not formed from a magma of its own 
composition. 

The Occurrence and Genesis op Trachyte 

This is a general name given to lavas of syenitic compos!* 
tion. Trachyte Is certainly commoner than syenite, but it is 

difficult to form a numerical estimate of its importance in the 
lava-heids of the world. Quartz-bearing trachytes and their 
tuffs cover a very Urge area in Kenya, where they have a 
visible thickness of at least 800 feet in the walls of the Great 
Rift Valley. They are associated with phonolite and olivine- 
basalt. Erosion has sometimes exposed underlying plugs of 
syenite-porphyry which occupy the site of vents from which 
the trachyte was extruded (S. J. S., 2). Trachyte is widely di^ 
tributed among the volcanic rocks of the Rocky Mountains and 
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tbe Great Basin, especially in Montana, Wyoming, Uuh and 
Nevada, but little can be said regarding its genesis there. Of 
greaur interest are those locahnes where tracliyte is associated, 
in (]uite small bulk, with enormous elusions of basalt. This 
association is well known in the Auvergne district, France; 
in Che western islands of Scotland; and in Iceland. It is still 
more striking to tind the association of trachyte with olivine* 
basalt on oceanic islands such as Samoa, Tahiti, Hawaii; 
Mauritius, Reunion, Kerguelen; St. Helena, Ascension, Cape 
Verde Islands; because in these cases it is hardly possible to 
doubt R. A. Daly's contention that trachyte is a derivative of 
basaltic magma. Daly (1) points out that trachyte, in these cir* 
cumstances, characteristically fills narrow pipes or subsidiary 
vents which rise through thick piles of tbe dominant basalts; 
that the trachyte magma must have been fully liquid, since 
it has sometimes given rise to trachytic obsidian; that the 
trachyte appeared at a late stage in the history of the volcano; 
and that many effusions of trachytic magma have been imme¬ 
diately preceded by more or less violent expulsion of gas. 
It has seemed to the writer that the last of these observations 
may afford a due to the meaning of the basalt-trachyte asso* 
ciatlon. He has supposed (S. j. S., 3) that violent evolution 
of gas may have driven tbe residual fluid out of the interstices 
of tbe lar^y crystallized basaltic magma beneath the volcanic 
vent, und caused it to be extruded independently. Since the 
residual fluid from tholeiitic (olivine-free) basalt has a rhyolitic 
composition (see page 1261), it is not unreasonable to assume 
that the “ rest magma of olivine^MSalt will be distinctly less 
siliceous. We oondude that trachyte may either be connected 
with syenite underground, as in Kenya and the Transvaal, or 
it may be derived directly from underlying olivine-basalt. 

'I'he trachyte domes of Ascension and St. Hdena were 
ably described by R. A. Daly; those of Maui and Samoa have 
been studied recently by Stearns and Macdonald. 

Thi Occurrence anp Genesis or Monzoniti and Dioritc 

The names monzonite and diorite have been used so 
loosely that it Is difficult to establish any generalization about 
rocks so named. .Monzonite was originally a collective name 
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used by de Lapparent for all the plagioclas^Dearing rocks 
found at Predazzo and Monzoni, and one cannot expect a 
geographical name to have a precise mineralogical signilicance. 
Some stalled monzonitc is syenite, some is diorite, and some 
is tonalite. Of the so-called diorites some hold 30 or 40 per 
cent of quartz and some hold two to four times as much ortho* 
clase as plagiocJasc; these are no diorites at all, but granites, 
granodiorites and tonalites. It is certain that monzonite and 
diorite, according to any stria mineralogical definition, are 
much leu common than one would gather from the frequency 
with which these names are used in geological publications. 

As regards tlie genesis of monzonite and diorite, we turn 
again to the observations of H. H. Thomas and W. Campbell 
Smith on the inclusions in ilie granite of Tr^gastel, Brittany, 
which we discussed in Chapter V. This granite has broken 
through a body of olivine-norite, enclosing pieces of it which 
have reacted with the granitic magma. The olivine and hypers- 
thene have been replaced step by step by clinopyroxene, horn¬ 
blende, and biotite, while the plagioclase has been pro¬ 
gressively enriched with albitc, with the consequence that the 
enclosures have every possible mineralogical composition be¬ 
tween that of norite and that of granite. The intermediate 
types arc indistinguishable from diorite and monzonite. The 
possibility is definitely indicated that some bodies of monzonite 
and diorite may be hybrid rocks. 

Observations in every way similar to those just mentioned 
have been made by A. K. Wells and S. W. Wooldridge In the 
Island of Jersey. A granitic magma has incorporated blocks 
of gabbro and has reacted with them, transforming them into 
apparent diorite. More complete evidence is available in Glen 
Dubh, Arran, where A. Marker (in 1903) and G. W. Tyrrell 
(in 1938) have described a zone of dioritic '* mixturo-rocks " 
between gabbro and granite. This zone includes rock types 
that are clearly xenolithic and hybrid, also homogeneous diorite 
and quartz-diorite in which no trace of mixture or hybridism 
can be detected. According to Tyrrell “ the petrographic evi¬ 
dence renders it probable that the pure, homogeneous diorite 
and quartz-diorite are the final results of the complete solution 
of the gabbroidal rocks within the granite magma. All stages 
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in the process cen be studied in the held end under the micro¬ 
scope." 

M. MacGregor claims that a body of homc^neous quartz- 
diorite, near Dalbeattie, Scotland, was formed by the 
** granitizaiion " of sedimentary hornstones. Some degree of 
granitization (see Grout’s definition on p. 366) may readily be 
admitted, but the evidence that all the quartz-diorite was formed 
in this way fails to carry conviction. The possibility is not 
excluded that the quartz-diorite is a contaminated facies of the 
granodiorite magma that followed it. 

The monsonite of the type locality in the Tyrol is a very 
variable rock, including syenitic, dioritic and gabbroidal facies. 
All are pyroxen^bearing, but the more siliceous types contain 
hornblende and biotite in addition. These rocks fall into place 
in a series of intrusions and extrusions which W. C. Brogger 
summarizes as follows 

(1) basic dykes and flows (diabase and basalt); 
(5) basic plutonics (pyroxenite, passing into gabbro- 

diabase and monzonite); 
(8) monzonite with dioritic and syenitic facies; 
(4) biotite-granite: 
(6) dykes of camptonite and liebenerite (pseudo- nepheJine) 

porphyry. 
The rocks are intrusive into Triassic crystalline limestone, 

and since the youngest dykes are undersaturated with silica, 
the possibility that the granite magma has reacted with lime¬ 
stone must be admitted. 

F. Walker and C. F. Davidson have described diorite and 
monzonite, ranging from leuoocratic to highly melanic varie¬ 
ties, which form marginal facies of the Dorba^ granite in the 
central Highlands of Scotland. The rocks are intimately asso¬ 
ciated with a body of crystalline limestone, and it is suggested 
that the melanocratic diorite and monzonite are due to con¬ 
tamination of the granite magma by assimilation of limestone. 
The circumstances are thus very similar to those at Monzoni. 

Considerable interest attaches to the description by D. L. 
Reynolds of diorite and monzonite of hybrid origin at the 
eastern end of the Newry granodiorite mass, in northern Ire¬ 
land, as described in Chapter IX. These hybrid rocks sur- 
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round and grade into a body of biotite^yroxenite, from which 
they have undoubtedly been formed, although there is a differ¬ 
ence of opinion as to the details of the process. The evidence 
is open to more than one interpretation; but the description of 
the hybrid rocks is admirably complete and the phenomena 
have a direct bearing on the origin of diorite and monzonite 
in other r^ions. 

In the Cortlandt complex of New York Sute, hornblende 
diorite forms a marginal facies between norite and the acid Man¬ 
hattan schist, and holds many enclosures of the latter (G. S. 
Rogers; S. J. S., 4). Some assimilation of schist has taken 
place, but the chemistry of the reaction still awaits study. 

These insunces should serve to show that an origin by 
assimilation or hybridism is more than likely for all occur¬ 
rences of diorite or monzonite. This Is indeed to be expected, 
because all occurrences of these rock are of small dimensions. 
The entire monzonitesyenite-diorite complex at Monzoni, 
which has played such a large part in petrographic literature, 
actually has an area of only two square miles. The diorite of 
(he Cortlandt complex covers about the same area, forming no 
more than one-tenth of the intrusive body to which U belongs. 
The diorite of Garabal Hill occupies two and one-half square 
miles; the granite with which it is associated covers 
five limes this area (Dakyns and Teali). The diorite stock at 
Mount Ascutney, Vermont, in which hornblende-mico-diorite 
is connected by all gradations with typical gabbro or diabase, 
occupies only 4 square miles (R. A. Daly, 3). One cannot 
assume an independent origin for such insignificant bodies of 
monzonite and diorite, any more than for similar bodies of 
^eoite. 

Three distinct modes of origin are suggested by the in¬ 
stances described above: one by reaction between acid magma 
and basic eruptive rock; another by reaction between acid 
magma and limestone; and a third by reaction between baste 
magma and acid country rocks. Still another possibility is 
suggested by the observations of /. L. Gillson In the Pioche 
district of Nevada. Gillson shows that a magma which began 
to consolidate as norite was attacked by solutions (gases ac¬ 
cording to Gillson) which brought about a replacement of 
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pyroxene by ampbibolc and of plagtuclase by orthoclase. 
resutUDg in the formation of quartz-monzonite. Perhaps these 
solutions were the forerunners of an underlying body of 
granite; if so, this mode of origin is not really different from 
the one first mentioned. 

'1'he Oocukrencb and Genesis op Andesite 
We have seen that rhyolite at the surface of the earth 

is not necessarily connect^ with granite underground, or 
trachyte with syenite. We may safely add that the appear¬ 
ance of andesite on the surface is no proof of the existence 
of diorite in depth. It is difficult to discuss the genesis of 
andesite on account of the very loose way in which the name 
has been used by different writers. The andesite of Zirkel was 
a rock containing any kind of plagioclase together with either 
hornblende or biotite. The andesite of Rosenbusch contained 
any kind of dark mineral, together with a plagiodase not more 
calcic than andesine. Some petrographers have followed 
Zirkel, some Rosenbusch, and some have distinguished 
andesite from basalt by the silica percentage only. 

The well-known computation by R. A. Daly (8), of the 
areas occupied by different kinds of rock in the United States 
of America, shows pyroxene-andesite to be more than a hun¬ 
dred times as abundant as the hornblende and mica-andesites. 
It is actually the commotvest extrusive rock in the country, 
only basalt being comparable with it. The hornblend^mica 
andesites are nearly as scarce as trachyte, with which they are 
commonly associated in the field. These points suggest that 
Zirkel, in separating the hornblende-mica rocks from the 
pyroxene roclu, came nearer to a natural classificatipn than 
Rosenbusch did. 

If trachyte may be a differentiate from basaltic magma, 
one cannot deny the same possibility in the case of andesite. 
Yet Daly makes the significant observation that sills which 
exhibit gravitational differentiation of basaltic magma seldom 
(perhaps never) show any andesitic fades. This is not hard to 
understand. If andesite (in the Rosenbusch sense) were to be 
formed from basaltic magma by crystal settling, it would be 
necessary for the early>formed plagioclase crystals to sink to 
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the bottom along: with some of the augite, leaving the liquid 
relatively richer in albite. Now the sinking of augite has been 
demonstrated beyond doubt—for instance, in the Palisade sill 
(P*K« 147)—but the sinking of plagloclase has never been con¬ 
clusively demonstrated in any intrusive rock. If the plagio- 
clase floated instead of sinking, the result would not be andesite 
but only a more feldspathic basalt, as at Kijabe (page 143). The 
separation of crystals from basaltic magma is therefore not a 
likely way for andesite to be generated. The expulsion of 
residual fluid from partly crystallized basalt is not any more 
likely; we have seen that trachyte and even rhyolite may have 
been formed in this way, but there is no field evidence which 
suggests such a mode of origin for andesite. 71ie probable 
conclusion, therefore, is that the production of pyroxene 
andesite depends upon the acidification of basaltic magma by 
reaction with the siliceous rocks of the continental regions. 
But hornblende-andesite and biotlte-andesite may result from 
contamination of acid magma, just as some diorite does. It is 
not without significance that cordierite, a typical product of 
contamination, has been found in certain andesites; for in¬ 
stance, by H. A. Brouwer in the island of Ambon, East Indies. 

Thb Occurrence and Genesis of Gabbro, Norite, 

Anorthosite and Diabase 

Gabbro, norite and anorthosite are sometimes found in 
enormous intrusions almost comparable with the great granite 
masses. The norite of the Bushveld complex, with an area of 
nearly 90.000 square miles, is one of the largest intrusions In 
the world. The anorthosite intrusions of eastern Canada 
occupy about 60,000 square miles of the surface of Quebec and 
Labrador. F. D. Adams has estimated the area of the 
Saguenay mass to be 5.800 square miles, and the Morin mass 
1,000 square miles. The Sudbury gabbro in Ontario covers 
500 square miles: and K. S. Fowler has described “four hun¬ 
dred square miles of labradorite rock “ in the Laramie 
Mountains of Wyoming The gabbro and norite intrusions of 
north-east Scotland have a total area of about 1.000 square 
miles, but if thev form one huge sill, as H. H. Read supposes, 
then the area may be fully ten time.s as great. 
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Although their extent is so considerable, it has been 
definitely established that many of these intrusions have the 
form of laccoliths or lopoiiths, not that of batholiths; conse* 
quently the volume of rock contained in any of them is much 
less than that in a batholith of the same area. The Bushveld 
norite is a lopolith with a probable thickness of three miles, the 
Sudbury ga^ro is also a lopolith and about two miles thick. 
Even the Canadian anorthosites are considered to be laccD> 
lithic in form, and the Adirondack intru^n to be a floored 
sheet. The numerous masses of norite in the charnockite series 
of India are described by H. H. Holland as lenses and thick 
dykes. 

In striking contrast to many granite batholiths (Daly 
batholiths) which are almost constant in composition and tex¬ 
ture over large areas, these great Intrusions of plagioclase- 
rocks often show extreme variability. By diminution of the 
dark minerals leucocratic facies are developed, which pass into 
the almost wholly feldspathic anorthosite; the converse process 
gives melartocratic gabbros and pyroxenes, formed almost 
entirely of pyroxene or pyroxene and ore. Or, again, the 
pyroxene may change its character from monoclinic augite or 
diallage to orthopyroxene, giving rise to norite. Hornblendic 
facies and facies containing olivine may also be developed, as 
well as relatively acid, dioritic or syenitic bands. 

But gabbro also makes its appearance in a more fine¬ 
grained form which is a.s remarkable for its uniformity as the 
coarse variety for variability. This is the so-called diabase or 
dolerite which has a worldwide distribution in (he form of 
dykes and sills. Although this variety of gabbro is common 
in every country from Spitzbergen to Antarctica, it is displayed 
on the most spectacular scale in the Permo-Tria.<tsic rocks of 
South Africa, where A. L. du Toit has said that *'one can 
never get out of immediate sight of dolerite ” within an area 
of more than 290,000 square miles. Individual sills are often 
100 to 800 feet thick, and an exceptional sheet in East Griqua- 
land, which is so coarse-grained as to be largely gabbro, 
reaches 8,000 feet in thickness. Du Toit considers that the 
volume of rock in this sill alone may have exceeded 800 cubic 
miles. Rocks in every way similar to these South African 
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dolerites are developed under identical geological conditions in 
South America, India, Tasmania and South Victoria Land 
(Antarctica). The average composition of all such rocks is 
about: labradorite 40-60, augite 80-40, orthoclasc 0-6, quart* 
0-6, olivine 0-6, ore 8-10 per cent. 

The remarkable chemical and mincralogical resemblance 
between the dolerites and diabases of widely separated localities 
suggests a common parentage for all of them and invites us to 
believe m the existence of a primary world-magma of gabbroic 
composition. We shall return to this question after we have 
given some consideration to the basalts, which are the extrusive 
members of this great group of rocks. 

Within the gabbro group, the norites and the anorthosites 
present their own special problems. The name nortte was 
originally given to a Norwegian hornblende-gabbro, but in the 
course of time it has been transferred to gabbros containing 
rhombic instead of roonoclinic pyroxene. Many large ir»- 
trusives consist partly of gabbro and partly of norite; this is 
the case, for instance, in the Bushveld complex, where mono¬ 
clinic pyroxene predominates in the upper part of the '* norite ” 
sheet and rhombic pyroxene in the lower. In other instances a 
body of gabbro or olivine-gabbro passes peripherally into 
norite. Such a case was described by A. Lacroix at Le Pallet, 
France. The gabbro mass, measuring five miles by three, is 
intrusive in a series of mica schists. Towards its margins the 
pbbro becomes finer in grairf and Turns Into a micaceous norite 
holding more or less quart* and cordierite. In part this 
cordierite-norite h<Jds enclosures of schist which show every 
stage of transformation into norite. Lacroix claims, accord¬ 
ingly, that the norite is a modification of the gabbroic magma, 
produced in consequence of assimilation of schist. 

The chemistry of the process is simple. When alumina is 
added to a magma containing the components of plagioclase 
and diopside (CaMgSi,0,) it combines with Calcium silicate to 
form anorthlte which goes into the plagioclase. Magnesium 
silicate Is therefore left over, and crystallizes independently as 
orthopyrexene. When all the lime has been precipitated as 
anorthlte. any ex^ of alumina is free to combine with mag- 
nesia and form biotite or cordierite. 
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The observations made by Lacroix were soon repeated by 
A. N. Wincbell at Snowbank Lake, Minnesota, and led 
Winchell to the same conclusion re^rding the gfeneration of 
the norite facies. In iK>rth*east Scotland, W. R. Watt and 
H. H. Read found ocher instances of gabbro bordered by 
cordierite norite, and Read has described the evidence in full 
detail. There can be no doubt that these oordierite-bearing 
norites have been produced by contamination of normal gal> 
broic magma; whether this is true of all norite is a more diffi¬ 
cult question. Read says '* if there were not so many slates 
there would not be so many norites '*; but Bowen (8) is more 
cautious and will admit only that “ the formation of norite and 
of pyroxenites characterize by orthopyroxene . . . may ba 

faeilitaUd” by reaction between gabbroic magma and alumin¬ 
ous sediments. It is certainly difficult to believe that all the 
vast amount of orihopyroxene contained in the pyroxenites of 
the Bushveld complex and the Great Dyke of Rhodesia can 
have been produced by this reaction. 

The problem of the genesis of anortkosita is also a baffling 
one. According to the original definition, anorthosite oon^sts 
“ almost entirely of pla^oclase." Some anorthosite has as 
little as 8 per cent of dark minerals, but the name has gradually 
been extended to rocks with 10, 90, and even 90 per cent of 
pyrcHMne, hornblende, ilmcnite, epldote or garnet. Every 
known body of anorthosite seems to be associated with ordi¬ 
nary gabbro or norite, and there is a complete gradation from 
the former into the latter. Yet it is remarkable that although 
gabbro and norite are freely intruded in the form of dvkes 
among other rocks, and are represented in the extrusive form 
by the very abundant basalts, yet dykes of anorthosite are rare 
and lavas of similar composition are almost unknown. N. L. 
Bowen f8) contends that no such thing as an anorthosite magma 
ever did or could exist, basing his argument on the high melt¬ 
ing point of the lime-ricK plagioclases, and that all anorthosite 
rocks must have been formed by the separation of plagioclase 
crystals from gabbroic magma. Bowen concaves that in such' 
a magma the heavy phases such as pyroxene will first sink 
to the bottom of the magma-chamber, forming a basal sheet 
of pyroxenite, and that when the residual magma Is sufficiently 



lUE SATURATED KUCRii 

lUfhwned by this process the plagiocUsc crystals will also 
sink and give rise to a body of anorthosite, leaving the upper- 
most {Mriion of the magma with syenilic or granitic composi¬ 
tion. N. H. Winchell, too, believed in the formation of anor¬ 
thosite by the local accumulation of plagiodase crystals, but 
he considered the gabbro magma at Ouluth to have been denser 
than the crystals, which accordingly floated upward and 
formed t^ies of anorthosite near the roof of the intrusive. 
K F. Grout formed the same opinion at Pigeon Point, 
Minnesou; and W. Larsson maintains that in the Nygard 
pluton, in Sweden, hypersthene crystals sank while plagiodase 
crystals floated. R. Balk has pictured the formation of 
anorthosite in the Adirondacks as a consequence of friction 
Iwtween the magma, the suspended labradorite crystals, and 
the walls of the channels through which the magma rose. In¬ 
creasing friction is supposed to have retarded the movement of 
the suspended crysuls, causing them to gather together in clots 
which gradually grew to be bodies of anorthosite. 

On the other hand we have the contention of W. J. Miller 
that the sinking of pyroxene crystals, in the gabbro magma of 
the Adirondacks, left a viscous but still fluid plagiodase 
magma which crystallised as anorthosite. Miller claims that 
dykes of anorthosite are to be found in the region, and he has 
since described dykes of “ nearly pure plagiodase-anorthosite ” 
in Los Angeles County, California. F. L. Lessing is also con¬ 
vinced of the existence of anorthosite magma and daims that 
the occurrence of gabbro with anorthosite and pyroxenile bahds 
makes it necessary to admite the existence of anorthosite and 
pyroxenite in the fluid state. K. S. Fowler maintains that the 
anorthosite of the Laramie Mountains in its earliest stages, 
“ consisted of a viscous magma in the process of crystallization 
and intrusion.” J. M. Harrison has found indusions of crystal¬ 
line limestone, surrounded by reaction-rims, in the Wilkinson 
anorthosite of Ontario. J. B. Mawdsley has described a body 
of andesine-anorthositc in the St. Urbain district of Quebec 
which surrounds a central body of labradorite-anorthosite and 
end^ isolated blocks of it. This evidence dearly indicates 
fluidity in the andesine-anortbosite; yet as Bowen (1^ points 
out, it is not necessary that It should have been entirdy or even 

ao 
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\$sgfiy liquid. It might have been a mush of andesine crystals 
with 90 Of 80 per cent of residual liquor from which orthoclase 
and bypersthene (of which the rock contains lO-lii per cent) 
crystallized at a later stage. 

Bowen ceruinly seems to have the better of this argument, 
and until somebody discovers a lava with the composition of 
anorthosite it will be difficult to believe in the existence of a 
completely liquid plagiodase magma. The foliation of many 
anorthosite, and the protodastic microtexture which is so 
characteristic of many of (hem, are more easily explained by 
movement of a mush of liquid and crystals. 

The OccuKRKNce and Ginesis op Basait 

We have seen that the extrusion of rhyolite, trachyte or 
even andesite is not necessarily connected with the intrusion of 
Plutonic rocks of tJie same composition. But the extrusion of 
basalt is so clearly connected with the intrusion of sills and 
dykes of diabase, with which it is virtually identical in com. 
position, that there can be no doubt of their common origin. 
Where the Parana basalts have been removed by erosion, in 
Eouthara Brazil, the underlying sediments are cut by extra, 
ordinary numbers of dykes and sills of diabase (C. L. Baker). 
The same relation is seen in South Africa, the magma that 
finrmad the Storrobeig basalts having also given rise to the 
Karoo dolentes. In the same geological period, extrusion of 
basalt and intrusion of diabase went on together in India and 
in the eastern United States, where the Watchung basalts are 
tha surface expression of the same magma that formed the 
raliaada diabase underground. 

The quantity of lava emitted in fissure eruptions is enor- 
moua. In the region that is now the Deccan, in India, 300,000 
square miles of the surface were flooded with basalt to a maxi, 
mum de,^ of o.ooo feet. The Columbia River basalts of 
Idaho and Oregon are spread over an even greater area and 

from tiro thousand to four thousand feet in thickness 

^ by basaltic lavas 
^tbe Parana basin South America, may be as great as the 
^•ned areas of the Deccan and Columbia River lava fields. 
Assuming .n average thickness of 1,000 feet, Baker computes 
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the volume of basAlt extruded in this region to have exceeded 
60,000 cubic miles. 

1 hese “ plateeu basalts ” arc in the main saturated rocks, 
although individual flows may contain either olivine or free 
siliu. According H. S. Washington the Deccan basalts are 
typically free from olivine and hold a small excess of silica. 
C. L. Baker reports that the lavas of the Parana basin range in 
composition from andesite and oIivine>froe basalt to limburgice 
with abundant olivine. The mineralogical composition of the 
Deccan basalts, calculated from Washington's data, is roughly 
as follows:—quart* sW, ortlioclase 6-7, labradorite 40-60, 
pyroxene OMO, iron ores up to 12 per cent. similar 
data arc given for the Columbia River basalts and for the 
basalts of Iceland and the Faroe Islands (A. Holmes). 

The question arises whether a magma that is so abundant, 
so widespread, and so uniform in composition is a primary one, 
or whether it has Itself been derived from something still more 
fundamenut. The only other magma that could possibly 
come into question is the olivin^basalt magma that appears to 
underlie the great oceans. This magma has a wider distribu¬ 
tion than any other, for the ocean basins cover two-thirds of the 
earth's surface, and olivine rocks are widely developed on the 
continents loo. W. Q. Kennedy has discussed this question 
and has reached the conclusion that the plateau-basalt magma 
and the olivine-basalt magma exist independently, neither 
being a derivative of the other. Yet he admits that the plateau- 
basalt magma is absent from the ocean basins and that it 
" seems to be connected in some manner with the presence of 
the granitic crust.” Thus there is at least a suspicion that 
the plateau-basalt magma may be derived from the olivine- 
basalt magma by assimilation of silica and alkalis from the 
granitic crust. This view has been maintained by T. Tomito 
(2), but H. Kuno thinks the same result may be reached with¬ 
out assimilation, in consequence of the sinking of crysUls of 
olivine and lim^rich plagioclase from a magma of the com¬ 
position of eucrite or oitvine-anorthite gabbro. It is permissible 
to suspect that olivine-free basalt has been derived from the 
same magma as olivine-basalt, but the details of the process 
are not yet understood. 
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Thb Occurrence and Gb»«wis ®p fRRKNire 

This niune was intiDduced by H. W. lumer to d^ibe 
rocks composed almost wholly of pyroxenes and amph,boles. 
^ iron o^nd «xessory minerals I he main subd.vtswns 
are pyrosenite and hornblendite, which explain themselves. 
Among the pyroxenites It is useful to distinguish the ortfco. 
ayraxwiws w-hich conuln enstatite, bronwie or hypcrsihene, 
from the cUno-pyroxtnil*s which contain diopstde, augite or 
dialing* ** tbeir principal pyroxene. It will be shown that 
these two kinds of pyroxeoite have generally been formed in 

different ways. 
Among the clino-pyfcxHtilts we may notice those 

deSCTibed by W. C. Brbgger In the parish of Gran, Norway. 
There are In this parish several small bosses of essexite or 
orthocUse^abbfO, a rock composed essentially of orthoclase, 
labradorite and augite, with subordinate hornblende, olivine 
and bloiiie. About the margins of these bosses the augite has 
become concentrated at the expense of the other minerals, 
giving rise to a rock that consists to the extent of 95 per cent 
of augite, with only trifling amounts of hornblende, biotitc 
and labradorite. Cmparing the chemical composition of the 
pyroxeniie with that of the essexite, it is apparent that there 
has been a diffusion of magnesia and lime towards the peri¬ 
phery and of alumina and alkalis in the opposite direction. 
T^e pyroxenite was not formed from a magma of its own 
comp^tlon. 

The association of pyroxenite with essexite and syenite has 
been described by G. A. Young at Mount Yamaska, Quebec. 
All three rocks contain the same dark minerals, but in the 
pyioeenite clino*pyroxene and hornblende have been concen¬ 
trated to such a degree that feldspar is no more than an acces¬ 
sory constituent. Clino-pyroxenite is associated with diorite 
and monzoflite at Monzoni, Tyrol, and there, too, it is evident 
that the pyroxenite was not formed from an independent 
magma. 

Pyroxenites formed mainly of diopside are not uncommon 
where a siliceous magma has oome into contact with limestone. 
Numerous instances are to be seen at granlle-limestone contacts 
in Ontario. A very interesting example has been described by 
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Cross and Larsen at Iron Hilt, Colorado; in addition to diop* 
side the pyroxenite contains perovskite and frequently much 
apatite and biotite. A similar occurrence of diopside- 
pyroxenite containing much apatite was described from a 
granite-limestone oonuct zone at Palabora, Transvaal (S. J. S*, 
4). In each of these instances it seems that the pyroxenite was 
formed either by direct reaction between magma and limestone, 
or else by the soaking of magmatic solutions containing silica 
and phosphoric acid into the limestone. 

Many pyroxenites contain a good deal of hornblende and 
show a transition to tlte hani&leadtfas. J. Phemister describes 
a dlopside-pyroxenite near Loch Ailsh, Scotland, which corv- 
tains both hornblende and biotite. In this rock the crystals of 
hornblende typically enclose diopside; and in the same neigh¬ 
bourhood there are bodies ot massive hornblendite composed 
of the very same hornblende, but the crystals contains cores or 
remnants of diopside, showing that the rock was originally 
pyroxenite. This is probably a case of deuteric action. Similar 
cases were discussed in Chapter X, which deals with post- 
magmatic reactions. 

Between the dino-pyroxenites and the ortho-pyroxenites 
there are intermediate types containing both kinds of pyroxene. 
G. H. Williams has recorded such rocks in association with 
the gabbros of Maryland, either dtallage or diopside appearing 
in conjunction with hypersthene. Williams makes the obser¬ 
vation that in these rodcs “ the cohesion between the grains is 
so slight that perfectly fresh specimens may sometimes be 
rubbed to powder in the fingers." The absence of inter¬ 
locking among the grains is suggestive of the origin of the 
rock by accumulation of crystals. Another rock of this kind 
occurs near Webster, North Carolina, and Williams introduced 
the name vebrtertta for the whole group. 

The group of ortho^yroxenitts has a much greater 
quantitative importance than the clino-pyroxenites. Varieties 
of " bronzitite," composed of bronzite with only trifling 
amounts of diopside and chromite, play an important part in 
the lower half of the great lopolith of the Bushveld, Transvaal. 
P. A. Wagner and A. L. Hall have described thick sheets of 
bronzitite, interstraiified with every possible variety of norite 
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and atK>rtl>08ite and (»nuining 
seams of chromite. This alterna^ 
tion of feldspathic and i^ro. 
xenitic rocks persists through 
more than 6,000 feet, and single 
sheets of bronzitite may be 
several hundred feet thick. To 
explain this remarkable sheeted 
structure, which closely simu¬ 
lates the bedding of sedimentary 
rocks, Wagner has supposed 
that the crystals that were 
earliest to form In the norltic 
magma, namely those of olivine 
and chromite, sank on account 
of their great density and ac¬ 
cumulated at lower levels, where 
the olivine was converted partly 
or wholly into bronzite. B. V. 
Lombaard believes rather in 
the direct settling of pyroxene 
crystals from the magma. He 
shows that the Bushveld 
“fiorite" contains ortho-pyro¬ 
xene in its lower part, but cliiK>- 
pyroxene in the upper part; also 
(hat the pyroxenltes in the lower 
part are all of the ortho-type, 
whereas the few pyroxenltes 
known in the upper or gabbroic 
zoikc are clino-pyroxenhes. 

This view, chat the ortho- 
pyroxenltes were formed by crys¬ 
tal settling, is strongly su{>- 
ported by experimental chemist¬ 
ry. Bowen and Schairer have 
shown that bronzite in the ordin¬ 
ary orthorhombic form is only 
stable below llOO* C., whereas a 
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melt of the same composition crystallizes in the form of clino> 
bronzite in the neightourhood of 1500* C.; consequently com* 
mon bronzite cannot possibly have crystallized from a magma 
of its own composition. 

Ortho>pyroxenite similar to that of the Bushveld complex 
occurs in great thickness in the Great Dyke of Rhodesia, in the 
Stillwater complex, Montana, and in the Bay of Islands region, 
Newfoundland, always in a very similar petrological associa> 
tion. 

Some pyroxenites contain garnet. A. Lacrmx described 
dyke-rocks consisting of diop^de and garnet, diallage and gar¬ 
net, and diallage with hornblende and garnet, at Lherz in the 
Pyrenees. The name " rodingiic’* was given by P. Marshall 
to a dyke-rock in Nelson, New Zealand, which consists of gro^ 
sularite and diallage. This rock was at first thought to be a 
primary eruptive product, but L. I. Grange has since demon¬ 
strated that it is an altered gabbro. It may be that the rocks 
described by Lacroix are also metamorphic products. 

Much has been written about the nature of *cU>giU. This 
very striking rock consists typically of green omphacite (a more 
or less /adeitic diopside), together with pink garnet inter¬ 
mediate in composition between almandine and pyrope. These 
rocks occur as bands and lenses among crystalline schists, 
especially in association with hornblende-gneiss and amphi¬ 
bolite. P. Eskola has claimed an eruptive origin for the 
^logites of Norway, but most students of the subject consider 
eclogite to be a metamorphic rock. G. Switzer showed that (he 
eclogite of California is associated with basalts from which 
the eclogite was formed by hydrothermal contact metamorphism 
caused by serpentine intrusions. Even ortho-pyroxenite some¬ 
times contains garnet, as in the *' griquaite " of the Kimberley 
diamond mines, which is largely composed by enstatite and 
pyre^. The origin of this rock is obscure. 

A special problem is presented by rocks which consist 
almost entirely of oxides of iron, titanium and chromium. 
Among the gabbros and norites in many parts of the world 
there are dyke-like and sheet-like bodies of nearly pure ore, 
which behave as if they were independent intrusions. C. F. 
Kolderup has described an ilmenite-rock at Ekersund, Norway: 
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W. PeterssoD, magnetit^spinel rocks in Sweden; A. L. Hall, 
thick sheets of tiunifmus magnetite in the Transvaal; and 
Watson and Taber, dykes of ilmenite, rutile and apatite in 
Virginia. The difficulty about regarding these as eruptive 
roclu is that the melting points of magnetite, ilmenite, and 
spinel lie far above those of silicate rocks. If the ores are suSi> 
ciently diluted with silicates, the difficulty disappears on 
account of the mutual lowering of freezing points. E. 
Sampson has studied especially the chromite deposits of the 
Bushveld complex and other localities, and favours the view 
that some of the chromite was formed from residual magmatic 
solutions at quite low temperatures. The writer (S. ]. S., 5} 
thinks it probable that some of these iron ores were formed 
by self>oxidation of ferrous hydroxide contained in re^dual 
solutions of magmatic origin. 
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CHAPTER XVll 

THE UNDERSATURATED ROCKS (NON- 
FELDSPATHOIDAL DIVISION) 

OCCURRENCE AND GENESIS 

When a magma contains too little silicA to cMivert all the 
metallic oxides into saturated compounds, then one or more of 
these oxides must go short. In the commonest case it is mag-> 
nesia that is affected, and olivine is formed instead of pyroxene. 
The resulting rocks are olivine.gabbro and olivine-basalt, 
which are perhaps the roost abundant rocks in the outer one- 
tenth of the earth's radius; as well as peridotite and less com¬ 
mon types. Much less frequently the deficiency of silica falls 
upon the soda, and nepheline or sodaliie may be formed, as in 
foyaite and phonolite. Potash is rarely affected by any 
deficiency of silica, so leucite-bearlng rocks have a very limited 
distribution. Lime is still more rarely found in unsaturated 
compounds. Melilite and its constant companion, perovskite, 
are only formed in rocks of extremely low silica content, in 
which most of the magnesia and soda have been reduced to 
olivine and nepheline, and even potash has gone into leucite or 
mica. Melanite (lime-ferric garnet) is another lime-mineral 
that is occasionally developed in undersaiurated rocks, mostly 
in association with nepheline or leucite, though the condition 
for its formation is perhaps a deficiency of alumina rather than 
silica. Finally, If the d^ciency of silica falls upon alumina, 
we get the very rare group of corundum p^matiies. 

Thk Occurrence and Genesis or Olivine Rocks • 

The largest bodies of undersaturated magnesian rocks are 
(hose in which feldspar predominates and olivine plays quite a 
minor part. One of the largest intrusive bodies of this char- 
acter is the lopolith of olivinogabbro at Duluth, Minnesota, 

203 
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which has an area of 9,400 8<)uare miles and a probable thick* 
ness of 90,000 feet. This great mass of rock varies from nor¬ 
mal gabbro and anorthosite to olivine-gabbro, troctolite and 
peridotite, but according to F. F. Grout, over two-thirds of the 
mass is olivine-gabbro. Another great body of olivin^gabbro 
and olivine-norite forms the peninsula of Sierra Leone, West 
Africa. The area occupied by this rock in the peninsula alone 
is nearly 900 square miles^ and the same kind of rock reappears 
in the Banana Islands, showing that the norite continues far 
out to sea. From the orientation of the primary banding, 
N. R. Junner concludes that this intrusion, too, has the form 
of a lopolith or basin-shape'd mass. A full petrographic 
description of the norite of Sierra Leone has been given by P. 
Dixey. 

The East Griqualand sheet in South Africa, to which we 
referred on page 980, is mainly composed of olivine-gabbro, 
but it has an acid roof-facies which D. L. Scholtz describes as 
quartz-monxonite. This passes down Into gabbro, which soon 
becomes olivine-bearing; the content of olivine increases 
rapidly towards the base of the sheet, and the basal zone con¬ 
sists of alternations of picrite, troctolite, and oHvine-rich 
hypersthene gabbro (Fig. 41). 

In each of these three instances the bulk of the intrusive is 
made up of olivine-gabbro or olivin^nortte of fairly constant 
character, but there is a tendency towards the formation of 
bands of more feldspathic and more melanic character 
respectively, which in extreme instances become distinct sheets 
or lenses ar>orthosite on the one hand and peridotite on the 
other. This banded character is very strongly developed in 
the Stillwater complex, Montana, another lopolith with an out¬ 
crop thirty miles long and an exposed thickness of 11,000 feet. 
The upper part of the mass is mainly norite and anorthosite; 
the lower part contains a great thickness of bronzitite, peri¬ 
dotite and dunite in bands that range from a few inches to 
hundreds of feet in thickness. One section was measured in 
which there were 77 bands within a range of 900 feet (Howland, 
Peoples and Sampson). 

In the Bay of Islands district, Newfoundland, four la)rered 
intruMons of the same character as the last lie in a belt 05 
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miles long and ten miles wide. The southern pair were 
described by J. R. Cooper, the northern pair by E. Ingerson. 
There is an unlortunace difference of opinion about the 
geological structure of the belt, but all four masses show the 
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same remarkable alternation of bands that vary in composition 
from gabbro to peridotite. According to Ingerson the Table 
Mountain mass contains some 7,000 feet of olivlne^abbro, 
anorthositic gabbro, and bytownite-peridotite, overlying 14,000 
feet of broniite^unite and bronzite>peridotite. 
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The retnarkable iotrusion known as the Great Dyke in 
Rhodesia has an outcrop more than 800 miles long, with an 
average width of only five miles. From the form of the out¬ 
crop one would consider the intrusion to be a vertical or highly 
inclined sheet; but the strongly banded rocks whicli make up 
the sheet are not arranged parallel to the walls; they are 
described by B. Lightfoot as forming “a series of large dis¬ 
continuous cakes, each of which has a gentle synclinal struc¬ 
ture.” The rocks vary in composition from norite to 
bronaitiie, hareburgite, and serpcntinired peridotite, sometimes 
one and sometimes another predominating in the outcrop of the 
Dyke (Fig. 42). 

A classic instance of a composite intrusion consisting of 
alternate feldspathic and peridotitic layers was described by A. 
Harker in the island of Rum, Scotland. In Allival Hill there 
are nineteen nearly horiiontal layers of peridotite and allivalite 
alternately, the former consisting of olivine with only a little 
anorthite, and the latter of anorthite and olivine in roughly 
equal amount. Harker thinks that the sheets, which are 60 to 
150 feet thick, represent distinct intrusions of heterogeneous 
magma, consisting of more feld^athic and more peridotitic 
portions which did not mingle freely. Later students of banded 
intrusions have tried to explain the phenomena in terms of 

settling, but neither explanation gives complete satis¬ 
faction. If the bands were always horiiontal or nearly so, 
then crystal settling might provide a general solution, but there 
arc certain intrusions in which the difTerentiaiion takes place 
from margin to centre. 

At several localities in the Ural Mountains, bodies of peri- 
doiite and dunite occur within larger bodies of gabbro or norite 
(Fig. 43). For instance, at Koniakowski Hill In the district of 
Ntoolai-Pawda an elliptical body of dunite measuring 1 x J km. 
lies within an elliptical pyroxenite mass which is itself com^ 
pletely surrounded by mdanocratic gabbro, passing out into 
normal gabbro (Duparc and Grosset). Duparc maintains that 
the rocks of these concentric aones, from dunite to gabbro, are 
all diflferentiaiion-products of a single magma. In describing 
a similar occurrence at Solowiewa Hill, in the Tagil district, 
R. Spring seems to favour another view of the matter, for he 
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writes that " the appearance is as if the pcridotite was a 
younger, stock-like mass which was intruded after the coo- 
soiidation of the diorite ” (or gabbro). 

In support <rf the view expressed by Duparc, we may note 
that at Susimaki, Finland, M. K. Palmunen has described a 

hornblende-gabbro which passes centrally Into a peridotUe 
composed of olivine, hornblende, pyroxene and ore, and this 
again into an ore-bearing dunite containing 60 per cent of 
olivine and 36 per cent of iron ore. An occurreooe similar to 
this has long been known at Taberg, Sweden. 

It is interesting to find, in the Thetford area, Quebec, 
examples of both types of diflerentiatioa. A series of battr 
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... ihe usual association of gabbros 
intrus.ve compnswg ^ 

"r»rt„r • c! “4:: «„c. ■. 
5 th^ cee." His explanation of the structure »s that 
crrstalli^ before olivine, hence pyroxenite was formed along 
S walls of the intrusion, where cooling was rapid, leaving a 

concentration of olivine in the central . 
From these great lopolithic masses and belts in which pen- 

dotites are associated with feldspathic gabbros and anortho- 
lites. it is only a step to another series of intrusions composed 

almost wholly of hypermelanic rocks. . ^ 
The Great Serpentine Belt of New South Wales is a body 

of olivine-rocks and serpentine which has been intruded •long 
die plane of a powerful reversed fault (W. N. BcfiMn). The 
outcrop is not continuous, but many intrusive bodies from a 
hundred yards to thiiiy miles long crop out at intervals along 
the fault line through a total distance of more than two hun¬ 
dred and fifty miles. The width of the belt varies from a few 
inches to nearly two miles. There can be no doubt that all 
these detached outcrops are connected underground, and that 
the whole is essentially one great dyke. The dominant rock 
ia hanburgite (olivine-enstatite rock), but this passes locally 
into olivine-rock and enstatite-rock, white amphibolite, anor- 
thoaite and olivine-gabbro play quite a minor part in the rom- 
plex. All the magnesian rocks are more or less serpentinized. 

It is now recognized that belts of serpentine and related 
rocks follow the fianks of most of the great mountain chains 
sod island arcs, in eastern North America a chain of these 
rocks runs parallel to the Appalachian axis from Newfound¬ 
land to Alabama. Another great serpentine belt extends across 
Guatemala into Cuba, Hispaniola and Puerto Rico; here it 
swings southward and H. H. Hess (1) thinks that it makes 
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a complete loop and joins the serpentine belt in the Cordillera 
of Venezuela and Colombia. In Cuba, according to Hess 
(9), a single mass of peridotite has an outcrop of probably 6,000 
s<|uare miles. This may be the largest body of peridotite in 
the world, unless it is surpassed by the astonishing develop> 
ment of similar rocks in New Caledonia. The most extensive 
chain of peridotite and serpentine is the one that follows the 
entire course of the Alpine folds across Europe into Asia 
Minor, and reappears in Burma to follow the East Indian arc 
through the Andaman Islands, Sumatra, Timor, Celebes, 
Borneo and the Philippines. A most valuable discussion ol 
the serpentine belts of the world and their tectonic signihcaiKe 
was given by W. N. Benson in 1936, and H. H. Hess (1) has 
carried the matter to a further stage by linking the serpentine 
belts to belts of negative gravity anomalies. 

Before leaving this subject we may just mention the ser¬ 
pentine belt of Dun Mountain, New Ze^and, which has given 
us the name " dunite " for a rock composed almost entirely of 
olivine. This is a belt about 20 miles long and up to three 
miles wide, composed of serpentine with subordinate dunite 
and herzburgite; it follows the strike ol a series of highly tilted 
limestones and shales, and it is separated from the limestone 
by a marginal zone of diabase. These rocks were mapped and 
described by Bell, Clarke and Marshall {Fig. 44). 

Still one more mode of occurrence of olivino-bearing rocks 
must be mentioned. In this case the olivine rock occupies 
more or less vertical pipes which apparently represent the 
throats of former volcanoes. The best known examples are the 
'* kimberlite " pipes of South and Central Africa. One of the 
largest of these pipes, the Premier Diamond Mine, near 
Pretoria, is 3,800 feet in greatest diameter. Every pipe has the 
form of a more or less symmetrical, steep-sided funnel, there 
being a steady decrease in size with increasing depth. Although 
a connection between individual pipes is not often apparent at 
the surface, yet mining operations have revealed that in many 
cases the pipes are arranged along dykes, being sometimes 
mere enlargements or “blows" in the course ot the dyke, 
while in other cases they represent points where an old channel 
of eruption, marked by a dyke, has been reopened during a 

11 
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voonew phase of explosive volcanic activity. The Kcwlands 
Diaixwftd Mine, for example, consists of four small pif^ 
arrancred along a narrow dyke; the Voorspoed mine was dis- 
covered by following up a dyke; and the linear arrangement 
oi the pipes in the Belgian Congo is evident on P. A. 

Wagner's map. 
The typical rock of these diamond pipes, the blue 

gmund " or kimberlite, is a breccia consisting of fragments of 
many kinds of rocks enclosed in a matrix of serpentine and 
carbonates. While It is certain that much or all of this ser¬ 
pentine was formed from divine, it is not correct to descrite 
the rock as a serpentinized peridotite. There is a certain 

fra. «k. Ttw MriSoiiM iMnMkHu ol D«n Mis., N«w ZvaUuid. (Afur 
Iva, eWrk* MM M*r«h«0.) The •uriouodiai rom are ihalM acd |r«j- 

«< ihe Maiial SeriM (Tritajora), vftb a thick liniMtoM, iron 
•ktdt (he iwridMiie H eepareud hr a narainal nor ot diabaM. Blai^ 
anal an nMlla|lw (RiomiUtite-dlaiUga rocl). Seal#, i biUm to 1 iBcfa. 

arnuum of evidence which suggests that it may have been a 
iMjiUie>baMlt. This view, originally put forward by H. C. 
l-ewcs, has been revived by M. S. Taljaard and the writer. 
Dykes of serpentine that closely resemble kimberlite occur in 
New York and Pennsylvania, and C. H. Smyth was able to 
identify melilite in one of them. 

Before we discuss the significance of these observations it 
is necessary to devote a few lines to the extrustvs olivine-rocks. 
The first point to be noted is the entire absence of any lavas 
corresponding in composition to dunite or any of the varieties 
d peridotite. The only iraporunt type of olivinc-bearing lava 
is olivine-basalt, which corresponds in composition to olivine- 
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gabbro and olivine-diabase. The second point is the univer¬ 
sality of olivine-basalt, which is not only one of the commonest 
of lavas on land but is virtually the only kind of lava developed 
in the vast area of the great oceans. One may reasonably 
conclude that olivine-basalt is not only the commonest of all 
extrusive rocks, but that It is more abundant than all other 
lavas put together. The third point to which we would direct 
attention is the extreme range of variation in the divine-con¬ 
tent of these lavas. The average olivine-basalt holds some 10 
to 16 per cent of this mineral, but in the oceanic regions par¬ 
ticularly one finds varieties with 60 and sometimes as much as 

cent of olivine. In these " oceanites** or picrite-basalts 
the olivine crystals are exceptionally large in comparison with 
the associated minerals, and there can be no doubt that these 
lavM represent portions of magma that have been enriched with 
divine crystals either by crystal settling or by convection 
currents. 

We must now put all the evidence together and see what 
generalizations we can make regarding the olivine-basalt 
magma. Prom the world-wide distribution and the great 
abundance of olivin^bearing rocks we are entitled to conclude 
that if there is such a thing as a fundamental world-magma 
from which all other magmas and eruptive rocks have been 
derived, it must have the composition of olivine-basalt. The 
evidence cited in this chapter and in Chapter IX compels us to 
believe that the differentiation of such a magma, whether 
effected by the settling and Rotation of crystals or by the ex¬ 
pulsion of residual fluid during freezing, is capable of furnish¬ 
ing most kinds of rock from dacite and trachyte to anorthosite 
and dunite. The poCas.<>ic rocks alone seem to stand apart from 
the olivine-basalt line of descent. 

The absence of lavas of peridotitic composition points to 
the nonexistence of peridotite magma. The manner of forma¬ 
tion of peridotite has generally been the settling of crystals of 
olivine and pyroxene from a body of olivine-basalt magma. 
The peridotites are accumulalivt rodrs rather than magmatic 
rocks, just as the anorthosites and many perknites are. Picrite- 
basalt on the surface, and picrite underground, represent stages 
in the accumulative proc^: and it is dear that the farther the 
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stnkiae o( olivine has proceected, ihe less likely it is that the 
oliviBe-enriched magma will ever reach the surface; hence the 
scarcity of picrite-basalt and the entire lack of lavas consisting 
wholly of olivifte or olivine and pyroxene. 

But what arc we to say of the great masses of serpentine 
and peridotite that are not associated with gabbro or any other 
feldspathic rock? H. H. Hess (2) has shown that some of 
these masses actually exhibit chilled margins against the 
country rocks, so they must be intrusive. An important point 
about these intrusive bodies, which is generally obscured by 
the habit of calling them “ peridotite,” is that they are always 
more or less deeply serpeniinized. A content of more than 10 
per cent of water is common. Pure serpentine holds only 18 
per cent of water. Another significani point is that even the 
greatest masses of serpentine have effected very little contact 
netamorphLsm of the rocks among which they were intruded, 
consequently they were not very hot. Consideration of the 
metting pointa of forsierite and fayalite will show that an 
oitvine^nagma, even if its freezing point were lowered con* 
•kknbly by mail amounts of other components, could scarcely 
•cist at a temperature lower than 1900* C. To reconcile these 
obsnvatioai one must believe (hat (he serpentine intrusions 
were not formed from an olivine magma, but from a serpentine 
megrea, that la to say, a serpentine get containing crystals and 
fragments of olivine. Sudi a gel may be formed by hydration 
of a peridutite of the accumulative type, and it may be set in 
movement by the disturbances of orogeny. The concept of 
a eerpenune magma is favoured by H. H. Hess (9), R. A. 
Oaly, and W. F. Gisolf. R. B. Sosman speaks of "a maw 
of crystals lubricated by very thin films of liquid which is not 
a ailicaie melt, but is simply water or a water solution ”5 and 
T. du RiMt thinks the perldotiies of northern Sweden were 
intruded *' in a semi<fy8talline condition.” 

If a serpentine magma can be intruded underground, 
would II not sometimes make its way to the surface ? Hess has 
eo^dered this point and thinks that the high water content of 
such a magma would cause it to be erupted explosively, wlth- 

l*va-fiows. The invariably brecciated character 
of kianbertite certainly falls into line with thU suggestion. 
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A. N. AleshkoET differs from all other students of the sut>> 
ject and expresses the opinion that "pure molten olivine 
formed dunites." He has described an " uninterrupted wall " 
of peridotite and dunite which extends for 125 miles between 
latitude 65* SiXC. and latitude 67* C. in the Polar Ural. His 
map shows that the peridotite is bordered by zones of 
pyrCHcenite, gabbro, and diorite, just as so many other peri- 
dotites are in the Ural and elsewhere. Since the rocks are the 
.same and the association is the same, one cannot help feeling 
that the argument against the existence of an anhydrous olivine 
magma must apply to this region just as to all others. The 
latest student of Uralian peridotites, N. V. Lodochnikov, be* 
lieves the magn^ian magma was a hydrous one and that the 
olivine crystals which separated from it at an early stage were 
serpentinized at a later stage by water concentrated in the 
residual magma. 

French petrographers have claimed that peridotite may be 
developed in consequence of the assimilation of magnesian 
limestone by granitic magma. Among the products of re¬ 
action between granite and limestone in the Pyrenees, A. 
Lacroix describes a complete series of rocks ranging in com¬ 
position from hornblend^ranite to hornblende-peridotite; the 
last a rock consisting of large crystals of hornblende which 
enclose numerous rounded or irregular grains of olivine, closely 
resembling the well known peridotite of Schriesheim, Ger¬ 
many. This view was supported by M. Longchambon. W. 
N. Benson has pointed out that if all peridotites were formed 
in the way Lacroix describes, it would be difficult to account 
for the relatively high proportions of nickel and chromium 
oxides which they oonuin, for these oxides are almost nevet 
found either in granite or in lintestone. 

The Occurrence and Genesis op Rocks Containino 
Unsaturated Lime Minerals 

Both melilite and melanite are so frequently associated 
with nepheline or leuctte that one suspects a common factor in 
the genesis of all four minerals. 

Melilit^basalt is among the rarest of rocks. Melilite itself 
is rich in lime and poor in silica, so it is not surprising to find 
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among tli« nwliUte-basalts both the highest recorded percentage 
of lime (37 per cent) and altnost the lowest recorded percentage 
of silica (AO’S per cent) in any eruptive rock. Tliis suggests 
that assimilation of limestone may have played a part in the 
genesis of these rocks. From the experimental side this idea 
is supported by the common occurrence of melilitc in basic 
slags, and by the demonstration by A. S. Ginsberg and K. S. 
Nikogosyan that the addition of calcium carbonate to melted 
diabase causes melilite to crystallize out. 

There is in addition much field evidence to connect melilite 
rocks with limestone. Tite original aindite (biotite>melilitc- 
basalt) ukes its name from Aind, Sweden, where there is a 
most intimate mingling of silicate and carbonate rocks (see 
on, page 334). E. Beider has sivown that the distribution of 
melilite-basalt in south-western Germany is related to the di> 
tribution of a thick Jurassic limestone. The melilite rocks of 
the Polzen district, Bohemia, are also in a region of thick 
limestones, and K. H. Scheumann is definitely o( the opinion 
that assimilation of limestone played a part in their formation. 
The uncompahgrite of Iron Hill, Colorado, and the ojeaite of 
Quebec, two rocks which are made up to the extent of two- 
thirds of melilite, are both found in contact with crystalline 
limestone (Cross and Larsen; J. Stansfield). J. T. Singewald 
and C. Milton have described a pipe of aindite near Avon, 
Missouri, which cuts dolomite and penetrates it in the most 
intimate fosliion, forming dark streaks with indefinite 
boundaries that fade away in the dolomite. The turjaite of the 
Kola Peninsula is associated with “ carbonatite " dykes, and 
E. H. Krunck Indicates the necessity of “a supply of CaO 
from outside ” in order to explain the abnormal composition of 
this rock. To complete the argument, C. E. Tilley has 
described the production of small l^ies of nearly pure melilite 
at A contact between oHvine-dolerite and chalk in Antrim, 
Ireland (1), and a similar occurrence between gabbro and lime¬ 
stone on the island of Muck, Scotland (3). 

On the other hand, there are certain occurrences of 
melilite-basalt in regions where no limestone is known. C. S. 
Ross has described an aindite at Winnett, Montana, far away 
from any known limestone. The meliiite-basalts of South 
Africa are all in regions where there is little known limestone. 
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In the district of Sutherland the nelilit^basaJts axe intru^ve In 
the shales and sandstones of the Karroo system, but it is not 
possible to say what underlies these stxau. In the district of 
Namaqualand there is perhaps the greatest development of 
melilite-basalt in the world, and it lies upon the old gneiss 
which locally contains only insignificant lenses of limestone. 
The melilite-basalt here forms hills up to a hundred feet high 
and half a mile long, which have been interpreted as the out¬ 
crops of vertical pip« (A. W. Rogers), but also as remnants 

sills (M. S. Taljaard), the rubbly nature of the outcrops 
making it difficult to decide between the two alternatives. In 
view of the evidence described above, from other localities, and 
in view also of the utterly abnormal composition of melilit^ 
basalt, the writer thinks it justifiable to assume the existence of 
a deep-seated body of limestone in this region. Only the addi¬ 
tion of lime or the subtraction of silica can convert ordinary 
basaltic magma into melilite-basalt, and reaction with lime, 
stone is the only obvious way in which both of these changes 
can be effected. 

There are rare and quantitatively insignificant occurrences 
of meliliie-basalt on some of the oceanic islands, for insunce, 
Oahu, Hawaii (W. Cross). The only possible source of lim^ 
stone in this case is coral reef, and it is a curious coincidence 
that the melilite-basalt at Moiliili rests on reef ]in>esCone. There 
is no indication of reaction at this point, nevertheless it 
seems impossible to account for the appearance of melilite 
in such an environment without the participation of limestone 
at some stage in the process. 

N. L. Bowen has found that melts of nepheline and diop- 
side, in the crucible, give olivine and melilite at temperatures 
between 1100* and 13(W* C. He argues therefore that (he pre¬ 
sence of melilite is not necessarily an indication of contamina¬ 
tion of the magma by limestone. But if the nepheline-diopside 
magmas in nature are themselves produced in consequence of 
assimilation of limestone, as we shall see in the next chapter, 
then Bowen's contention loses its force. 

As regards melanit4 and andraHu, the lirae^ferric garnets, 
the evidence is still more complete that assimilation of lime¬ 
stone is an essential condition for their formation. These two 
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names indicate the same species, but andradite is brown in col. 
our, may contain some alumina, and is nearly free from titania; 
whereas melanite is black, is nearly or quite free from alumina, 
and commonly holds five or ten per cent of titania. In the 
amorphous variety called schorlomite the content of oxides of 
tiunium may exceed dO per cent. Of these varieties melanite 
is commonly found in the eruptive rock, andradite either in the 
eruptive or on the limestone side of (he contact. 

At the following localities melanite is developed in an crup. 
tive rock at or about its contact with limestone:—Loch Boro- 
lan, Scotland; Fen, Norway; Alntt, Sweden; Kuolajarvi, Fin¬ 
land; Turja, Kola; Ditrd, Rumania; Monte Somma, Italy; Ice 
River, B.C.; Franklin, B.C.; Magnet Cove, Arkansas; Potash 
Springs, Arkansas; Iron Hill, Colorado; Bearpaw Mts., Mon. 
tana; Libby, Montana; Judith Mts., Montana; Ktsliengarh, 
India; Mount Elgon, Kenya; Karamoja, Uganda; Nyassa- 
land; Sekukuniland, Transvaal; Ambavatoby, Madagascar; 
Port Cygnet, Tasmania. Both melanite and andradite occur at 
Mount Royal, Quebec. (See Plate IV.) 

At the following localities the garnet is andradite rather 
than melanite:—Sviatoy Noss, Transbaikalia; Haliburtort- 
Bancroft, Ontario; Marble Bay, B.C.; Stockton, Uuh; 
Pouxac, Pyrenees; Hook baiht^ith, Rl^esia; Zeekoegat, 
Transvaal; San Carlos Mts., Mexico. 

Melanite is also found in phonolite or nepliclinite at a few 
places, of which the following are the best known :.-Frascati, 
Alban Hills, and Monte Somma, Italy; Kaiserstuhl and other 
lonlities in Baden; Rieden, Olb^ck, and other localities in the 
Eifel. Each of these is a locality where thick limestone is 
present. Melanite has also been found in phonolite and 
nephelinite of Mount Elgon, East Africa, and in quantity on 
Rusinga Island, Lake Victoria, each time in the neighbour¬ 
hood of a contact-metamorphosed limestone. 

We have named above more than forty localities where tJte 
occurrence of a lime-garnet is connected with the presence 
of limestone; and the list could be extended. On the other 
hand, the writer knows of only five localities where melanite 
is found in rocks which cut crysuUine schists, no limestone 
being known to occur near. One of these is livaara, Finland, 
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where the surrounding country is drift-covered. The highly 
titaniferous black garnet occurs in a melanic rock composed 
mainly of diopside and nepheltne—the original “ ijolitc ”—and 
the garnet Is intergrown with calcite. At Cevadaes, Portugal, 
a small lens of foyaite containing melanite lies concordantly in 
para-gneiss; but in other parts this gneiss contains lenses of 
“ lime-silicate hornfels." A little melanite occurs in the 
foyaite of Cabo Frio, Brazil; an island formed of red gneiss. 
Again, A. Lacroix has recorded melanite quite abundantly in a 
micromonzpnite on the island of Kassa, Los archipelago. He 
says the occurrence is unique in this archipelago, and adds that 
there is no limestone either in the islands or on the mainland 
of French Guinea. In a newly described area in Tanganyika 
(Fades and Reeve), melanite-syenite forms a few small tors in 
granite country; but a junction with the Basement Complex is 
near and the granite is full xenoliths. 

All that these few exceptions demonstrate is just our ignor¬ 
ance of the environment in each case. An eruptive magma 
does not produce new minerals as a conjuror produces rabbits, 
to amuse and bewilder us. Melanite is never formed without 
a definite chemical reason, and that reason, it is abundantly 
clear, is the assimilation of limestone by the magma. In the 
opinion of the writer, the necessary condition for the genera¬ 
tion of melanite is so clearly established that this mineral may 
be used to prove assimilation of limestone just as surely as 
cordierite and sillimanite prove assimilation of aluminous 
sediment. 

The Occurrence and Genesis op Corundum Rocks 

That some corundum may be developed in consequence of 
the assimilation of aluminous sediments by eruptive magma 
has been admitted by several writers. Thus K. Busz showed 
clearly that corundum had been formed in this way in certain 
dyke-rocks in Devonshire, and H. H. Thomas has studied the 
various stages in the transformation of aluminous rock-frag¬ 
ments into anorthite-corundum-spinel aggregates, within 
dolerite sills on the island of Mull, Scotland. L. V. Pirsson 
assumed that the sapphires in the lamprophyre dyke at Yogo 
Gulch, Montana, were formed from the clay slates through 
which the dyke has broken, and the sporadic occurrence of 
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sapphire in tlie basalts of the Rhineland has generally been 
explained in the same way. Bui it is not clear that any such 
explanation is applicable to the widespread occurrence of 
corundum in North America and South Africa. 

Corundum is found in small quantity in some of the 
syenites and nepheline rocks of Ontarioi but it is especially 
abundant in the syenite-pegmatites, which form veins and 
dykes sometimes as much as eighteen feet wide. These very 
coarse-grained pegmatites are made up of pink, perthitic feld¬ 
spar ^s^a-orth^ase) with corundum and a little biotite, mus¬ 
covite, caldte, and exceptionally a very small amount of quarts. 
Corundum may make up as much as thirty-five per cent of 
this rock. The feldspar is not always an alkaline one, but 
varies from microperthite through albite, oligoclase and 
andesine to bytownite. A. E. Barlow particularly emphasizes 
the point tliat “ the nepheline and related alknline syenites 
with which the principal occurrences of corundum are asso¬ 
ciated, show an extreme and rapid variation in composition," 
although they form a single geological unit. 

The important corundum reefs of the Transvaal are coarse 
pegmatites, which carry quartz and mica when they cut 
granite, and only become corundum-bearing when they enter a 
region of basic magnesian rocks (A. I... Hall). The reefs then 
consist of plagioclase (oligoclase or andesine) with corundum 
and biotitej orthoclasc is rare; and Hall remarks that '* not a 
single example was observed where a corundiferous rock also 
carried quaru." The surrounding rocks have their mag¬ 
nesian constituents changed into talc in the neighbourhood of 
such a reef, indicating an addition of silica. 

The conditions in North Carolina, Georgia, Massachusetts, 
and in Plumas County, California, are almost identical with 
those in the Transvad. In each case the mineral occurs in 
pegmatite veins about the junction between granite and a mag¬ 
nesian rock which is generally some variety of peridotite. 

At Kyschtym, in the Ural Mountains, similar conditions 
recur; in this instance a large dyke of anorthite-corundum- 
biotite rock intervenes between granite and serpentine. In the 
same district there are also stock-like bodies of corundum 
syenite in the granite: in these the feldspar is microperthite. 



UNDEHSATURATED (NON.FFXDSPATHOIDAL) ROCKS a09 

and J. Morozewicz notes (tiat a few grains of quartz are very 
rarely to be seen. This locality is in the neighbourhood of 
Miask, where nepheline rocks have long been known to occur, 
so there would seem to be a close general resemblance between 
the corundum rocks of the Ural and those of Ontario. 

In India, the corundum>bearing rock at Coimbatore, 
Madras, is once more a pegmatite, having microperthite and 
biotite as its silicate constituents. The geological relations are 
obscured by surface deposits but T. H. Holland shows that the 
distribution of corundum is definitely related to outcrops of 
nephelin^sycnite. 

In brief, the typical corundum-bearing rock in all parts of 
the world is a more or less coarse-grained pegmatite, which is 
typically associated either with nepheline rocks or with peri- 
dotite and serpentine. In the former case the corundum rock 
is a pegmatitic facies of the nepheline rock; in the latter case 
the corundum-bearing rock is intrusive in the peridotite and has 
reacted with it, forming biotite, actinolite and talc in the con¬ 
tact zone. This reaction is generally described as '* desilica- 
tion’* of the pegmatite, and it does indeed involve the transfer 
of silica from the dyke into the peridotite; but it is impossible 
that desilication alone could produce a plagioclasc-corundum 
rock from an average granite-pegmatite. K. A. Vlasov con¬ 
siders that fluorine and boron derived from the pegmatite 
magma act as catalysts and redistribute the cations between the 
acid magma and the basic rocks. E. S. Larsen rejects the 
desilication theory altogether (although it is true in the sense 
chat the magnesian rocks have undoubtedly taken up silica) 
and claims the corundum-p^^atites as high temperature 
hydrothermal deposits. That the products in the contaa zone 
(talc, chlorite, vermiculite) are hydrothermal is undeniable; 
yet neither the hydrothermal theory nor the desilication theory 
goes to the root of the matter, which is that the magma or 
solution that gave rise to the corundum rock must have held 
an altogether abnormal quantity of alumina, and for this there 
is no obvious source either in acid magma or in basic rock. 
In short, the problem of the corundum pegmatites is part of 
the problem of mineralized pegmatites in general, and is still 
far from solution. 
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CHAPTER XVni 

THE UNDERSATURATED ROCKS 
(FELDSPATHOIDAL DIVISION) 

OCCURRENCE AND GENESIS 

NePHBUNB«BKARiKG and leuciu»>bearing rocks are very scarce in 
comparison with other kinds, and most of the occurrences are 
relatively small. The largest ktwwn bodies of eut^stalline 
nepheline-bearing rocks are found in the Kola Peninsula, in 
Brazil, in Greenland and in the Transvaal. In Kola there are 
two masses of nearly circular outline which are so close together 
that they are probably connected beneath the waters of Lake 
Umpjaur (F»V. 46). Indeed, B. M. Kupictsky clnims that the 
two together form a synclinal intrusion approaching n lopo- 
lith in its form." The larger mass, which is known both by 
the Lapp name Umptek and the Rus.sian name Chibinn, has an 
area of 613 square miles; the smaller mass, Lujaur-Urt or 
Lovosera, 36n square miles; but in spile of its great area the 
complex seems to have f>o great thickness, possibly no more 
than 3,000 feet. The Umptek mass is built of concentric zones 
of various rocks, from syenite on the outside through many 
mineralogical and textural varieties of nepheline^yenite 
(foyaite) to Ijolite and nepheline-apatitc rocks. On the whole 
the content of silica appears to decrease, and the content of lime 
to increase, from the margin inwards. This great alkaline 
cr>mplex is ininided into and rests upon pr^Cambrian and early 
Paleozoic rocks, and it lies on the line of a powerful dislocation. 
The original description by W. Ramsay (in German) has been 
amplified in recent years by a number of papers (in Russian 
with brief English summaries) by A. Fersman and B. M. 
Kupietkdey on Umptek, and N. A. Eliseev and others on 
Lujaur>Urt. The fullest account in English is that by A. A. 
Polkanov. 

The two massifs of Itatiaia and Pocos de Caldas, in Brazil, 
have been briefly described by A. R. Lamego and O. 
Barbosa respectively. The former is estimated to cover 560 
.square miles, the laltrr 430 square miles, but the rocks are not 
ail feldjqMthoidnl and no detailed maps are available. A third 
itrctiiTencc, on the island of San Sebasiiaio, occupies 116 square 
miles (R.O. dc Freitas). 
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In the western Transvaul a circular group of hills known 
collectively as Pilansberg (Pilaan's Mountains) is composed of 
the same kinds of rocks and has the same concentric structure 
as Umptek. The resemblance extends even to the less com¬ 
mon minerals such as pectolite, eudialyte, astrophyllite, lampro- 
phyllitc, lovchorriie. This complex, which is superimposed 
upon the Bushveld Complex, covers 200 square miles and has 
a probable thickness of 3,000 to 8,000 feet. It has been inter¬ 

preted as a laccolith (S. ). S., 1). 
Another very targe body of nepbeline rocks is that in the 

south of Greenland, which was described by N. V. Ussing. 
The Ilimausak mass contains some 60 square miles of nephc- 
line-bearing rocks and the Igaliko mass perhaps a similar area, 

Pie. at. OMto|leal mep «f Um Bmlivald ccnplu, TraafraA). T>i« 
<m(cr<9 oi tbe DokMnite focaatiao ia Aowit in Maca. T)M Mxltt U 
UipeM. P—PitaiMberf. ZZ-^]’lee.«wan«. FF—Fraanoon lina of 
f7«utk and fojreitic iauuaioBi. S—^ lejpaiw-ijolfie Mock o( 

Sakukunilaad. 

with an unknown extension beneath the inland ice-cap. The 
structure is not well known, but the complex contains the same 
remarkable banded rocks and the same uncommon minerals as 
Kola and Pilansberg. 

No other body of nepheline rocks is known which comes 
near the dimensions of those named. The Ditrd complex in 
Rumania has an area of possibly 70 square miles, but little 
more than half of this is nephelin^b^ing, the remainder 
including syenite and quartz-syenite (A. Streckeisen). The 
Serra de Monchique stock, in Portugal, covers about 34 square 
miles; Fourche Mountain, Arkansas, about fifteen; and the 
nepheline rocks of the Christiania (Oslo) district, Norway, which 
bulk so lai^ely in petrographic literature, do not exceed ten 
square miles in all. 
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It is likely, then, that there are no reservoirs of under* 
saturated sodic magma in the lithosphere, and that when 
nephetine<bearjng rocks aK>ear they are due to special physical 
or chemical conditions which have affected granitic or basaltic 
magma in its ascent through the earth^cnist. Observations 
that seem specially significant, in relation to the genesis of 
nephelin^bearing rocks, are: — 

(1) their relatively high content of such uncommon ele¬ 
ments as fluorine, chlorine, phosphorus, zirconium, 
tiunium, and the cerium-yttrium group of metals; 

(d) their very frequent occurrence in association with thick 
limestone formations. 

The first point was emphasized especially by C. H. Smyth, 
who pointed out that the elements with which these rocks tend 
to be enriched are the very ones which are characteristic of 
pegmatite veins. Since the segregation of pegmatite is 
generally believed to have been accomplished with the aid of 
water and ocher volatile compounds of low molecular weight 
(the so-called ** mineralizing agents "), Smyth claimed chat the 
same agents, especially water, must play an essential part in 
the genesis of nepheline-bearing rocks. This contention may 
be freely granted, but it fails to explain the deficiency of silica 
which caused nepheline to appear in place of the usual albite 
and quartz of pegmatite veins. 

R. A. Daly (1) lays stress on the second point and main¬ 
tains that most feldspathoidal rocks have been produced from 
bn«airir or granitic magma by reaction with limestone. He 
supposes that some the silica which would normally have 
entered feldspar molecules combined instead with lime, and 
that the heavy calcium and magnesium silicates so formed sank 
through the magma, leaving the higher levels of the magma 
impoverished as regards silica. Daly also ascribes a part to the 
escaping carbon dioxide, and to magmatic gases, in carrying 
alkalis toward the top of the reservoir. The magma is sup¬ 
posed to become differentiated by this double agency into a 
lower pyroxenic portion and an upper, highly alkalic portion 
from which, by further differentiation, all possible types of 
alkali-rich rocks may be derived. 
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Evidence favouring Daly’s hypothesis hnds an impressive 
amount of support in the held. Some of the evidence has 
already been cited in Chapter V, but we must now look further 
into the matter. Daly compiled a list of 234 districts in the 
world whid) were known (in 1910) to contain alkaline erupiives. 
Of these districts, 168 show the eruptive to be closely associated 
with carbonate rocks, 63 are indecisive, and in 3 districts only 
do the geolc^ical conditions appear to be unfavourable to his 
theory. That is, out of 171 occurrences where the geological 
environment is known, 95 per cent are in regions where lime¬ 
stone is present. 

It must be granted that mere association means little unless 
there is direct evidence of reaction. At the following localities 
there is direct field evidence of reaction between magma and 
carbonate rock, leading to the production of melanocratic rocks 
containing large amounts of diopside and other lime-rich 
minerals such as meianite, spbene, apatite, calciie, pectolite, 
melilite, perovskite, scapolite; with or without nepheline and 
cancrinite. 

Bancroft, Ontario. 
Mount Royal, Quebec. 
Oka Hills, Quebec, 
loe River, B.C. 
Magnet Cove, Arkansas. 
Iron Hill, Colorado. 
Jocupiranga, Brasil. 
Loch Borolan, Scotland. 
Fen district, Norway. 
Alnd, Sweden. 
Kucdajiirvi, Finland. 
Sviatoy Noss, Transbaikalia. 

Turja, Kola Peninsula. 
Kaindy River, Turkestan. 
Erie-su River, Turkestan. 
Tagobi-Sobak River, 

Turkestan. 
Patin Min., W. Siberia. 
Botogol Hill, Siberia. 
Granitberg, S.W. Africa. 
Sekukuniland, Transvaal. 
Palabora, Transvaal. 
Karamoja, Uganda. 
Bukusu Hill, Uganda. 

We shall discuss some of the more striking examples from 
the list, choosing first those in which the sedimentary origin 
of the limestone is clearly demonstrable. 

In the Haliburton-Bancroft district of Ontario, which was 
deMfibed and mapped by Adams and Barlow, the immensely 
thick limestone of the Grenville scries has been invaded by 
batholiths of gneissose granite. In the southern portion of the 



I'lJkXl Vltl.—A U foT«ito milin^ liuMnloM and (ormini a «a<v«dga M 
catcioxu lilioalas aloog cad eonlact. Tti* abairacikm of •Jica M 
ably <0 tba futsiaiion «t rwoMina in tbe diVa-rock. Uooni Kwal. QuaUc. 
Ahiiui thiw-nftkN t>f actual mb-, bpecima Biaan tn Columbia Unirersity by 

Or J. A. DaflcnlL 
(r* /0ff f. 3ie. 



l*utt IX.^A win <it symite mtlinn cryaullin* Hnweloiw and devdop- 
lai dlv«lsp« M fhonkiitilic «Miipuii(kM. 1'h* nyenilic portion (OmIsU o( 
■krodiot (i{rty) and a Utile mnrU: (he edvedma a/« onrlched wilh dim* 
•ide (black), yhwe. and a)iaii(p. I'altlnra, 1‘ruevaal (nee p. 8!}. About 
ibMo-d(th« (d aclaal cine. (r# /Me f. 817. 



(JNDERSATUIUT&O (FELDSPATHOIOAL) ROCKS S17 

district the limestooe is e fin^rained blue-gray rock of normal 
character; it is interbedded with sands, days and tuffs, so its 
sedimentary origin Is beyond question. Followed northward 
toward the granite baiholiths, the gray limestone becomes 
coarser in grain and is associated with white crystalline marble 
which often contains grains of pyroxene, pblogopite and 
apatite. The gray and tlie white rocks are closely inter¬ 
mingled, and cores of the gray rock are sometimes preserved 
within the white. Some of the marble shows structures due to 
compression, and occasionally one finds veins and tongues of 
crystalline limestone which have been injected in a plastic con¬ 
dition into surrounding rocks (F. Chayes). 

The nephdine rocks of this distrio invariably occur either 
at the junction between granite and limestone or else in the 
limestone near such a junction. Adams and Barlow mapped 
more than twenty separate intrusions of nepheline rock, from 
bodies of several square miles to quite small sills, and their 
relation to the granite margin is so constant that one can hardly 
suppose it to be accidental. The foyaitic magma has often 
given plasticity and mobility to the adjoining limestone, with 
the result that foyaite and mobilized " limestone moved along 
together and now form composite intrusions as strongly banded 
as any gneiss. About the foyaite masses the limestone is some¬ 
times charged with silicates or even converted entirely into 
pyroxenite or amphibolite. Near Tory Hill, W. G. Foye 
studied a body of feldspar-nepheline pegmatite which passes at 
its footwall contact into garnet-pyroxenite; the same contact 
rock is formed by some of the pegmatites along the York 
River. 

Adams and Barlow regarded the nepheline rocks as a 
“peripheral differentiation facies” of the granite, and indi¬ 
cated that a gradual transition could be traced from granite 
through syenite into foyaite. Such a transition would have a 
great theoretical interest, but the writer finds himself unable to 
confirm it in detail. Both at Bancroft and at Tory Hill the 
foyaite seems to be younger than the granite, and there is no 
constant syenitic facies between them. Instead of a simple 
transition, there is frequently an oscillation of quartz-bearing, 
quartz-free, and nepheline-bearing fades without sharp 
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boundaries between them, as if due to differential movement in 
the semi*solid mag'ma. A narrow strip of limestone often 
separates the foyaite from the granite. 

Another occurrence of nepheline4]earing rocks that seems 
highly favourable to Daly’s hypothesis is the laccolithic intru> 
sion at Loch Borolan in the north-west of Scotland. This is 

Fie. «7. 

one of the few localities where there seems to be a complete 
gradation from a quartz-bearing to a nephcline-bearing rock. 
The hill called Cnoona-Sroine is formed, in its upper part, of 
a fairly coarse granitic rock with abundant quartz, which 
different writers have called quartz-syenite or nordmarkite. 
This passes down by simple diminution of quartz content into 
syenite, and after the last trace of quartz has disappeared the 
syenitic rock develops a little sodalite and scattered grains of 
melanite. At the foot of the hill the rode holds much melanite 
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and 9odic diopstck, as well as micaceous pseudomorphs having 
the form of nephcline crystals. The hill is almost completely 
surrounded by white crystalline limestone, and dikes of 
meianito-nephcline syenite (so-called borolanite) cut the lime¬ 
stone at several points. A small body of melanite-pyroxenite, 
exposed at one point only, has the extremely high content of 23 
per cent of CaO. Younger dike-rocks Include legirine-micro- 
granite and foyaice with fresh nej^eline and sodalite. Descend¬ 
ing from the top of the hill one observes a steady decrease in 
(he silica content of the rocks, coupled with a rapid increase of 
lime and magnesia near the margin or floor of the intrusion 
(S. }. S., 9)- The evidence connecting the appearance of 
nepheline with (he assimilation of limestone seems quite com¬ 
plete. 

The intrusion described by J. A. Allan at Ice River, 
British Cedumbia, has a structure like that of the Borolan 
laccolith and exhibits rocks of similar character, although they 
are generally richer in nepheline. No oversaturated phase is 
present, but the rocks vary from leucrocratic sodalite-syenite at 
the top to i^lite, theralite, borolanite, jacupirangite, and other 
melanocratic types about the base. The Intrusion is laccollthlc 
in form; it has a limestone floor and the magma had to rise 
through 10,000 feet of Cambrian limestones to reach its present 
position. Rocks rich in lime-iron garnet are al.so de>'eloped at 
the granite-limestone contact at Sviatoy Noss. Transbaikalia. 
P. Eskola remarks upon the close resemblance between the 
pyroxene-syenite and garnet-pyroxene syenite of this locality 
and those of the Borolan laccolith. 

At all localities in Ontario, as well as at Ice River and 
Loch Borolan, the sedimentary origin of the limestone is un- 
questonable. P. Eskola recognizes the sedimentary origin of 
the graphitic limestone at Sviatoy Noss, remarking that after 
granite, graphitic limestone is the most widely distributed rock 
in the Transbaikalian highlands. We pass now to other locali¬ 
ties in which the source of the limestone is less obvious. 

In the district of Sekukundand, eastern Transvaal, a stock 
of ncjdicline rocks having an area of about six square miles 
cuts the red granite of the Bushveld complex (Figs. 49, 50). 
In the heart of the stock (here is a great block of crystalline 
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limestone fully half a mile square. The characteristic rock 
composing the stock is a schistose foyaite containing alkali- 
feldspar, nepheline and «girine; but immediately round the 
limestone this rode gives way to a coarse-grained ijolite com- 
posed of nepheline (without any feldspar), diopside, melanite, 
sphene, and apatite, with cancrinite and calcite. A comparison 
of chemical analyses of the two extreme types shows that in 
consequence of assimilation of limestone the foyaitic magma 
lost fourteen per cent of silica and three per cent of ferric 

* ,*'* fvrfhtr fgbotvrrf) 
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oxide, gaining instead ten per cent of lime, two of magnesia, 
three of phosphoric oxide, and one of carbonic acid; the pro¬ 
portion of nepheline rising in consequence from 37 to 53 per 
cent (S. J. S., 8). The limestone has been recrystallised end 
contains magnetite, apatite and the fibrous blue soda-ampht- 
bole, crocidolite. 

The source of this great limestone inclusion is not obvious 
until one realises that the Bushveld granite is part of a lopolith, 
not a batholith, and that beneath its floor, perhaps three miles 
underground, there lies the thick dolomite series of the Tran^ 
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vaaJ System. This great sheet of more or less magnesian lim^ 
stone comes to the surface some fifty-five miles east of the Seku- 
kuniland stock, where its thickness is stated by A. L. Hall to 
be 970 feet. The magma that formed the stock must have inter* 
sected the Dokmite in its ascent, so it is unnecessary to look 
any further for the source of the great inclusion. Interesting 
confirmation is provided by the presence, in the limestone in¬ 
clusion, of fibres and tufts of blue crocidolite. This mineral 

Fio. 60. A hjrMbetleal Mciion ibrouch Uw S«k«ik«BilS8d 
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lias not been recorded as a contact product anywhere in the 
world; but it occurs persistently in South Africa at a fixed 
horizon about the base of the Pretoria Series and the top of 
the Dolomite. The evidence is fairly strong, then, that the 
mass of thoroughly crystalline limestone enclosed in the Seku* 
kuniland stock is a recrysiallized portion of the Dolomite 
formation. 

The complex of nepheline rocks at Magnet Cove, Arkan¬ 
sas, resembles the Sekukuniland stock very closely. It con¬ 
sists of foyaitic rocks which are succeeded towards the interior 
of the Cove by ijoiites and jacupirangites—rocks rich in diop- 
side and melanite, and having a very high content of lime— 
and in the heart of the Cove there is the mass of crystalline 
limestone that one has learned to expect in such an environ¬ 
ment. The complex, which was first described by J. F, 
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Williams and afterwards by H. S. Washington, is intrusive in 
Carboniferous beds, beneath which there is a great thickness of 
older Paleoaoic formations containing abundant limestone. 

The Kaiserstuhl, in Baden, is just another Magnet Cove 
except that it has been less highly eroded and consequently the 
rocks are mainly lavas and breccias. Lumps of more or less 
altered limestone, containing melanite and apatite, are to be 
found, and in the centre of the complex there is a great mass of 
crystalline limestone measuring nearly a square mile (F. 
GraeiT). Mesoxoic limestones are present underground. 

The geological relations of the little stock of nepheline 
rocks in the Fen district, Norway, are almost identical with 
those of the Sekukuniland stock; but the Fen intrusion is much 
smaller and the enclosed block of limestone relatively larger, 
occupying nearly half the area of the stock. The eruptive rocks 
range in composition from foyaite to ijolite and pyroxenite, but 
the roelanocratic types predominate greatly and many of them 
contain a great of calcite which forms crystals among (he 
silicates. The name “ carbonatite" is applied to intrusive 
rocks in which calcite is more abundant than silicates. W. C. 
Brdgger, who has described (his complex in great detail, ex* 
pressi^ the opinion that the carbonatite was formed from 

melted or assimilated limestone,'* and indicated as a possible 
source the limestone of the Telemark formation, the nearest 
outcrop of which is now some 25 miles away. 

N. L. Bowen (1) has formed a radically different opinion 
about the origin of the carbonatites in the Fen intrusive. He 
claims that they have been formed by hydrothermal replace' 
ment of silicates by calcite, and that every stage of the replace¬ 
ment can be trac^ under the microscope. This would seem 
to annul the argument for a sedimentary origin of the linus 
stone—but does it ? Where did the hydrothermal solutions get 
the enormous quantity of calcium carbonate needed to effect this 
replacement? Not from the eruptive rocks, for Bowen shows 
that the alkali-feldspars were the first minerals to be replaced; 
and lime-rich minerals such as diopside, hornblende, melanite 
and apatite survive unchanged in most o( the rocks. To find a 
source of lime-rich solutions, in a country of acid granitic 
gneiss, is no easier than to find a source of massive limestone. 
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Another area which is remarkable for the intimate associa. 
tion of nepheline rocks with carbonates is the island of Aind, 
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Sweden, first described by A. G. Hdgbom. In this case we 
have again to do with a stock of less than ten square miles, 
consisting of rocks rich in nepheline, intruded into a region of 
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almost limeless granite gneiss. There is no single great en¬ 
closure of limestone, as in ail the above instances, but the 
new map prepared by H. von Eckermann shows bodies of 
calcite* and silicate<alcite rock forming a series of cone<4heets 
which converge towards a common ape* some 1,000 or 1,600 
metres below the present land surface. Von Eckermann has 
demonstrated that the larger part of the alkaline mass is not 
of direct magmatic origin, but has been generated in conse¬ 
quence of the permeation of the gneiss by alkaline solutions 
derived from "a primary carbonatitic liquid, rich in potash, 
magnesia, lime, carbon dioxide, and fluorine." No suggestion 
is offered as to the source of this liquid, so the main problem 
remains unsolved. 

Finally we have to mention the vents tilled with brecciated 
rock and crystalline limestone which have lately been described 
by F. Dixey, W. C. Smith and C. 6. Bisset in the Chilwa 
series of Nyassaland. The largest vent is four miles across, 
and several of the vents have emitted phonolitic lavas or else 
they contain small plugs of foyaite, ijolite, nephelinite in addi¬ 
tion to carbonate rock. These limestones are undoubtedly in¬ 
trusive, and since there are no limestones of similar quality or 
comparable mass in the Archean of the region, the authors 
claim that the carbonates are of magmatic origin and com¬ 
parable to the carbonatites of Fen and Alnb. 

Other volcanic plugs filled with carbonatite, and asso¬ 
ciated with ijolite, foyaite, nephelinite and phonc^ite have 
lately been reported by W. Pulfrey in Kavirondo, Kenya; by 
K. A. Davies and B. C. King in Uganda; and by F. P. 
MenncI! in Southern Rhodesia. 

Origin op Carbonattfs 

S. I. Tomkeieff has discussed the role of carbon dioxide in 
igneous magmas, with special reference to the Fen area. He 
contends that the greater part of the CO, normally present in 
eruptive magma escapes during otHisdidation, but under suit¬ 
able conditions it may be so concentrated during the last mag¬ 
matic stages that " not only did the carbonates crystallize out, 
but they formed an independent cerbonatite magma^raction." 
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Nobody can doubt the facts so clearly set forth by von 
Eckermann and Dbcey. Some limestone is intrusive; that has 
long been known. Plastic deformation of limestone is no new 
thing to Alpine geologists, who have described it again and 
again. The conversion of normal sedimentary limestone into 
intrusive carbonatite is clearly demonstrated in Ontario. It is 
certainly astonishing to find it intruded on such a laige scale 
as in Nyassaland, Kenya and Uganda, where it seems to have 
come up like great salt domes; but if one admits the exi.stence of 
small intrusions of mobilized limestone it is not difficult to 
accept the evidence of larger ones. To admit that limestone 
may be mobilized and intruded in a plastic condition is a very 
different thing from believing in a carbonate magma, or a 
silicate-carbonate magma so charged with carbon dioxide that 
it could give rise, in crystallizing to the hollaite and the 
kasenite of the Fen area. Can a silicate magma disitolvc a 
quarter of its own weight of carbon dioxide? We have rvo 
reason to suppose that it can. If it could, whnt sort of pressure 
would be necessary to keep the gas in solution ? Something 
tremendous, we may be quite sure. Yet the carbonatites of 
East Africa and the limestone of the Kaiserstuhl, which are 
associated with lavas and breccias, must have been pushed up 
nearly or quite to the surface. And even if it were possible to 
concede the magma and the pressure, have we any ground to 
suppose that, in crystallizing, the siltcate>carbonate magma 
would differentiate into separate bodies of pure silicate rock and 
pure carbonate rock as Tomkeieff suggests? Neither geological 
observation nor chemical theory justifies such on assumption. 

The writer finds it easier to accept the evidence presented 
to his senses at Bancroft, Tx>ch Borolan and Sekukuniland, and 
to regard all 50<alled “carbonatites” as mobilized or hydro- 
thermally redistributed sedimentary limestones. To the argu¬ 
ment that no limestone is known in the basement rocks of Fen 
and AlnS, and only a few thin dolomites in Nyassaland, he 
can only reply that between imagining a deep-seated mass of 
limestone in the Archiean, which would be no such strange 
thing, and imagining a carbonate magma of unkitown origin, 
which would be a very strange thing indeed, he prefers the 
.solution that puts the smaller strair) on the imaginatiot), 
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The I'ovaite-Gabbro Association 

in Daly's original account of the desilication hypothesis, 
basaltic rather than granitic magma was supposed to be Che 
parent of the feldspathoidal rocks. Since the silica content of 
basaltic magma is much lower than that of granitic magmas, 
desilication should be more easily effected in this case. Now 
o]ivin(M>asalt does indeed give rise on oucusinn to nvphelinc- 
basalt and even to phonolite, but it is seldom that a direct con¬ 
nection can be established between gabbro and foyaite. Where 
these rocks are associated, as in the Bushveld Complex and in 
Essex County, Massachusetts, the foyaite is much younger 
than the gabbro, and there is no connecting link between them. 
Yet G. M. Saranchina has described an occurrence of nephe- 
line-garnet-melUite rocks at a gabbro-Iimestone contact on 
Patin Mountain, in the lower Jenissei region of Western 
Siberia. The gabbro holds xenoliths of limestone, and B. M. 
KupleCsky (3) says "without doubt the rocks were formed 
during the assimilation of carbonate rocks by the basic 
magma." Foyaite, slK>nkinite, and leucite ro^ are also 
associated with a gabbroi^nonzonite series which is intrusive in 
limestone on the Kaindy River, north-esAt of Tashkent, 
Turkestan (Kupletsky (3)). 

The pr^uction on a relatively minute scale of melilite and 
nepheline in the contact zone of a dolerite dike which cuts 
chalk, at Scawt Hill, in northern Ireland, was conclusively 
demonstrated by C. E. Tilley and H. F. Harwood. 

Daly's Hypothesis—Conclusion 

In all the cases described above, limestone can be seen in 
direct contact with the intrusive rocks and there is evidence of 
reaction between them. The products are such characteristic 
minerals as dtopside, sphene, apatite, melanite, scapolite, wol- 
lastonite, pectolite, melilite, perovskite; and such characteristic 
rocks as diopside>pyroxenite. jacupirangite, ijolite, malignite, 
borolaniie—that is, mesotype and melanocratic rocks contain¬ 
ing nepheline and some of the above minerals. So far as lh«s« 
rocks art eonctmed, Daly’s hypothosis is proved. But what 
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can we say ot the leucocratic foyaites wliich are so much more 
abundant than the rocks named above, and which are charao 
teristicaJly poor in lime? In the entire PUansberg complex, 
covering 300 square miles, the rocks are all aegirine>foyaites 
and tinguaites and none of them holds even five per cent of 
lime. 

It is certainly difficult to understand why the greatest 
bodies of foyaite should present the least evidence of enrich¬ 
ment with lime, while smaller intrusions such os Magnet Cove, 
Iron Hill, Fen, Alnb, present it abundantly. Can the ex¬ 
planation be that these complexes present difftreni erosion- 
levels to our observation? In the Transvaal, Pilansberg is a 
laooolite and still retairvs some of its roof of volcanic rocks; 
the Sekukuniland stock has no trace a roof; and Palabora 
is in (he deeply dissected Low Veld which has been cut far 
down into the Archrean basement. One might compare 
Pilansberg to the head of a mushroom, Sekukuniland to the 
sulk, and Palabora to the root. Similarly Lujaur-Urt is a 
lacoolite and retains some of its cover; but livaara, Kuolajttrvt, 
Alnd and Fen are stocks in the old gneiss and have been 
fdaned down nearly to (heir roots. 

One does not wish to push a hypothesis too far, but it 
seems to the writer that Daly's hypothesis of the genesis of 
nepheline rocks has been proved in some of the cases that we 
have discussed, that it is probable in others, and that it is not 
impossible in any of the remaining cases. 

The greatest difficulty which this hypothesis has to 
overcome is not that of proving desilication but rather that of 
finding a source of heat to rveutralize the cooling effect of the 
endothermic reaction with limestone. In this connection it is 
essential to realize that the amount of foyaite present, in any 
complex for which approximate dau are available, is a very 
small fraction of the amount of granite or gabbro involved. In 
the Bushveld complex the estimated volume of foyaite is less 
than one per cent of the volume of granite. The proportion is 
roughly the .same in the Haliburton-Bancroft district; in Essex 
County, Massachusetts; and in the famous Christiania (Oslo) 
district of Norway. It is therefore permissible to suppose that 
the temperature of the small portion of magma which actually 
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wicrs into region with limtstone may be mainuined by out- 

underlies u' 

Other Hypotheses 

_hypotheses of the genesis of iiephdiiio4>eariog 

.^h , evidence even remotely comparable with 
t^t which lends probability to Daly’s hypothesis. To explain 
the genesis of the Kola rocks, B. M. Kupletsky has supposed 
that a strong concentration of Juvenile gases in a granitic 
m^ma cai^ the feldspar molecules to dissociate and yield 
feldspatboids. If this is so, where is the evidence of it ? Where 
IS the vast amount of silica that must have been set free by tbc 
reaction, and why do we never find quartz and nepheline to- 
geihcr? In Goranson’s study of the system albite-water. no 
nepheline was formed. 

N. L. Bowen (U) has proposed an ingenious theory based 
upon the incongruent melting of orihoclase and the actual 
occurrence of “ pseudo-leuclte ” in certain rocks. From a 
magma containing the components of orthodase, with '* not 
more than a moderate excess of free sUica,” leuciie may crystal- 
Itze at an early stage. This has actually happened in the 

wyomtngite ” of the Leucite Hills and the “ wolgidite ” and 
other leucite rocks of Western AustralU. With slow cooling 
all this leucite would normally be resorbed at a lower tern- 
perature; but if there was in the early suge some relative 
movement of crystals and liquid, so that one portion of the 
liquid was impoverished with leucite and another portion en. 
ri^ed with it, th« th^ two bodies of magma must behave 
differently in cooling. The first portion, in consequence of the 
^^al of leucite, is relatively enriched with sUica; no more 
leucite will be formed from it, and any crystals that remain will 
rea« with the liquid to form orthodase. The second portion, 
having been enriched with leucite, no longer has enough fre^ 
silica to convert all the leucite into orthodase; instead, the 
crystals are replaced at the reaction temperature by an aggre¬ 
gate of orthodase and nepheline, the scM^alled pseudo-l^dte. 
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Bowen conceives ihai under favourable circumsunces these 
iwo minerals might crystallise about independent nuclei in¬ 
stead of forming the customary pseudomorphs; in that case the 
6nal product would be an orihoclase-nepheline rock reuining 
no indication of its leucitic parentage. The possibility may be 
admitted that sonw rather limited bodies of nepheline rocks 
have originated in this way; but the special factors involved in 
such a genesis must place severe restrictions upon the general 
applicability of the hypothesis. In the first place the magma 
must have a ^)ecial composition, neither too sodic nor too 
siliceous; crystallization must begin at a temperature above the 
leucite-ortboclase boundary surface; extensive differential move- 
inent of crysuls and liquid must take place before the reaction 
temperature is reached; and finally tive products of reaction, 
orthoclase and nephclirw, must crystallize separately instead 
of forming the usual pseudoleucite aggregates. It is unlikely 

that these conditions will often be satisfi^. 
Bowen applied this hypothesis to the explanation of the 

Loch Borolan laccolith. Assuming that the density of the 
syenitic magma could not be very different from that of rhyo¬ 
litic obsidian (a-87), he judged that leuciie crystals, which have 
a density of 3-46 at ordinary temperature, would be slightly 
denser than the magma and would therefore sink and accumu¬ 
late about the base of tbe laccolith. There are actually in this 
position certain rocks which contain little rounded aggregates 
of orthoclase and zeolites, long considered to be pseudoJeucite 
and so described by Horne and Tcall. To this extent the facts 
seem to fit the hypothesis, but there are difficulties which must 
not be ignored. The mo« serious is that all the rocks which 
contain the supposed pseudo-leucitc are also rich in melanite 
and have a density of about 3. It is impossible that leucite 
crystals could have sunk into a layer of magma of this density. 
Even if we make the assumption that the sinking of leucite 
took place before the magma acquired the components of 
melanite from its limestone walls, it is still impossible to believe 
that the leucite crystals could have remained suspended in a 
magma which was steadily increasing its density by assimilat¬ 
ing limestone. Until these difficulties can be explained away, 
it will not be permissible to regard the Borolan laccolith as 
opinonsiratingthe truth of Bowen’s hypothesis. 
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A more favourable testing ground for Bowen's hypothesis 
has been found in the Highwood Mountains of Montana, where 
both leucite and pseudoleucite are present and the nature of 
the latter is hardly in doubt, in spite of a complication intn> 
duced by the presence of analcime. In this region, as E. S. 
Larsen and colleagues have shown, differential movement of 
leucite (or pseudoleucite) and liquid undoubtedly took place, 
although it was a flotation, not a sinking of the crystals. 
Larsen says that " In rocks with a 6ne>grained groundmase, 
the leucite is in sharply bounded crystals. ... As the ground* 
mass becomes coarser, the pseudoleucite becomes coarser* 
grained and forms less sharply bounded crystals. In rocks 
with still coarser groundmass the leucite merges with (he 
groundmaas. ... lo the final stages, all evidence of pseudo¬ 
leucite is lost, and the resulting rock is a shonkinite." In this 
case most of the requirements of Bowen’s hypothesis seem to 
be satisfied. But the parent magma of the ^onkinitic rocks 
in the Highwood Mountains was already undersaturated with 
silica at the earliest stage that is accessible to our observation. 
The hypothesis does not explain how this undersaturated, 
strongly potasslc magma came into existence. 

As regards the other soda*feJdspathoids, sodalite, hailyne, 
nosean and cancrinite, it seems unnecessary to discuss their 
genesis apart from that of nepheline, with which they are 
almost invariably associated. They are ino» simply regarded 
as addition products of nepbeUne containing chloride, sulphate, 
and carbonate radicles respectively. 

Rocks Containing Analomb 

The case of analcime is peculiar, for this mineral contains 
twice as much silica as nephdine does and in addition it holds 
one molecule of loosely combined water. Although it is best 
known as a secondary mineral in vapour cavities, where it is 
associated with zeolites and calcite, analcime is becoming more 
and more widely recognized as an apparsntly primary con¬ 
stituent of certain sodic rodcs. In these it may form euhedral 
crystals, sometimes 1-3 centimetres in diameter, set in a fine* 
grained trachytic, phonoNtic, or basaltic groundmass. In 

»3 
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some sj'e»itic and foyaitic rocks analcicne is entirely allotrio- 
morpbiC) tilling the sharply angular interstices between feld¬ 
spar laths; in this case the felttepar may either be unaffected 
or it may be deeply corroded and leplaced by analcime. Again, 
in some melanic dikorocks and lavas, analcime forms rounded 
bodies in which it is occasionally associated with idio- 
fflurphic nepheline crystals. In the last two cases it would 
prul^ly be correct to regaird the analcime as a deuteric rather 
than a magmatic product. 

Good trapezohedral crystals of analcime were discovered 
by C. W. Knight in a trachyte tull in Alberta, Canada; 
Knight was led to predict the discovery of analcime-irachyte, 
to which he gave in advance the name blairmorice. Blocks of 
such a rock were collected later by J. D. MacKcnzie, but no 
body of the rock seems to have been found in place. The rock 
consists of large Aesh-red crystals of analcime in a tine-grained 
groundmass of analcime, sanidine, nepheline, pyroxene and 
melaniio. Lavas of the same character as blairmorite have 
since been recognized in Rhodesia (Dixey and Smith), and a 
remarkable analcimo-tinguaite was described by J. A. Bartrum 
in New 2^eaUnd. H. S. Washington demonstrated in 191d 
that the supposed leucite crysuls in certain basalts of Sardinia 
are actually analcime, thereby throwing suspicion upon other 
occurrences of supposed leucite in highly sodic rocks. Al¬ 
though analcime normally contains no more than a trace of 
poush, Larsen and Buie have recently described an occurrence 
of potassic analcime in rocks of the Highwood Mts., Montana. 

The question arises whether a silicate containing Sper cent 
of water, which it gives oil about 600* C., could possibly be the 
first mineral to crystallize from a trachytic or basaltic magma, 
even if one admits that that magma was a very hydrous and 
strongly sodic one. The unlikelihood of such a thing has led 
many authorities to regard these analcime insets as pseudomorphs 
after leucite crystals. It is known that leucite can be trans¬ 
formed into analcime, and analcime into leucite, by the action 
of solutions of soda and potash salts respectively. Neverthe¬ 
less, other authorities have considered the insets to be primary 
analcime. The truth is that there is no known way of decid¬ 
ing between the two possibilities. F. A. Bannister has com- 
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pared the X-ray spectrum of ooe of these questionable aoalcime 
crystals with that of leucite, but finds it impossible to decide 
whether the analcime is primary or pseudomorpbous. J. W. 
Gruner showed that tlie atomic structure of analcime is not 
destroyed by heating to 700*; and J. B. Lyons holds that “ the 
field facts do not demand that the analcime did not crystallise 
at magmatic temperatures." 

In the second type of occurrence, analcime is confined to 
the angular spaces between the feldspars, which may be cither 
anorthoclase or plagioclase. The mineral does not simply line 
these cavities with separate crystals, as happens when a vapour 
cavity is filled with zeolites, but each interspace is completely 
filled with analcime which shows the same deavage directions 
throughout. Can it have been formed at the expense of some 
soda-rich mineral that formerly occupied the cavity? jj. F. 
Williams has described the alteration of interstitial nephelinc 
into analcime in Arkansas, but this explanation will not serve 
in every case. The writer has described a foyaite at Frans- 
poort, Transvaal, which contains idtomorphic crystals of 
nepheline as well as interstitial analcime. The former has 
crystallized before feldspar and aegirine; the latter crystallized 
after feldspar and it surrounds idtomorphic needles of legirine 
(S. J. S., 4). 

One may suppose that when the temperature of the magma 
was comparatively high and the concentration of water had not 
reached its maximum, the available silica was diMributed 
tween nepheline and albite and crystallization began with these 
phases. As the temperature fell and the concentration of water 
increased, the stability region of analcime was reached and the 
last of the magma crystallized in that form. 

But if this view is oorrect, it must compel us to reconsider 
the case of blairmorite and other rodca with porphyritic anal¬ 
cime. In some of these rocks there is nepheline in die ground- 
mass which surrounds the analcime insets. A return from the 
hydrous condition of the magma that favours the production of 
analcime to the less hydrous condition that permits nepheline to 
be formed is surely inconceivable, since it would involve the 
destruction of the analcime crystals. Thus one seems com¬ 
pelled to accept the older view, that the insets of analcime in 
these rocks are pseudomorphous after leucite. 
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As regards ilie classification of these puzzling analcime 
rocks, we may agree with A. Lacroix, wlio says, *' U is not 
necessary to make a sp^al group parallel to that of the 
nephetine rocksi it is preferable to consider them as a special 
case of the latter, from which they differ only in this, that rich¬ 
ness in magmatic water has permitted the crystallixation, at 
low temperature, of analcime in place of nephetine." 

ExntvsiVB Rocks 

After this long discumion of the intrusive nepheline rocks, 
the axirttswe rocks may be ueaced very briefly. Some 
phonolite is certainly connected with foyaiie underground, as 
in Pilansberg and Leeuwkraal, South Africa. But small 
bodies of phonolite are sometimes developed, just as small 
bodies of trachyte are developed, in connection with olivine- 
basalt. The phonoJitic trachytes of St. Helena and other 
oceanic islands sometimes carry small amounts of nepheline or 
sodalite. It is unlikely that assimilation of limestone played 
any part in these cases. A more likely solution may be found 

in the equation 

plagtoclase+olivinc^=^nepheline+pyroxene. 

That this is a real reaction is indicated by the occurrence 
of ptngtnrinw and olivinc in some rocks, <A nepheline and 
clino>pyroxene in others, and of all four minerals in a third 
group. I'hus from an olivine-basalt magma a nephclinc-bcar- 
ing magma may be developed under certain conditions; and 
the separation* of residua! liquid from such a magma during 
its crystallization might yield a small body of phonolite. 

The nephcline-plagioclase lavas may also originate in more 
than one way. Tbe reaction that we have just discussed may 
produce a nephelisiMephrite or basanice in place of common 
olivine-basalt; but the quantity of nepheline that could be 
formed by this reactioo is Umited by the rather small concent 
of olivine in tbe average olivine-basalt. The nepheline content 
might be increased by gravity concentration; but in the genesis 
of nepheline-rich tephrites and basanites it is likely that Daly's 
reaction has played its part, as it certainly has in the case of 
(he leucite-tephrites of Mount Vesuvius. 
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The foptnation of nepheline><lolerite from an olivine-basalt 
magma, under conditions that were almost those of extrusion, 
has been fully and convincingly described by Tilley and 
Harwood. At Scawt Hill, in northern Ireland, a small plug 
of olivine-dolerite has broken through chalk, and between the 
two there is a zone of intense reaction. The basaltic magma 
has assimilated so much chalk that it gave rise to pyroxene- 
rich dolerite and pyroxenite, as well as a small anKHint of 
nepheline-dolerite. In this reaction, nepheline was formed at 
the expense of plagioclase, and at the same time the common 
augite of the dolerite, which contains a small excess of MgSiO* 
over CaSiO(, was replaced by a purple litanaugite in which 
CaSiO, is in excess. With still further assimilation of lime, 
melilite was formed in addition. The total amount of 
nepheline-dolerite is small, because the whole intrusive body 
is small and chilling took place very rapidly; but the occur¬ 
rence affords at least a qualitative proof of Daly’s hypothesis. 

The Occurrence and Genesis op Ltucrrs Rocks 

Rocks containing leuclle have a v^ restricted distribu¬ 
tion and they are almost entirriy extruMve. Even when they 
make a big show on the surface, as in the Roman region and 
in central Africa, the actual volume of leucite-bcaring rock is 
small. H. S. Washington made an approximate computation 
of the volume of leucitic lava emitted by the seven voloinoes 
in the Roman region. The distance from the.most northerly 
of these volcanoes, Bolsena, to the most southerly, Mount 
Vesuvius, is about 170 miles, and the area covered by the 
ejectamenta is about 2,340 square miles- This is more than 
double the area of Umptek and Lujaur-Urt together; yet 
Washington’s estimate of the volume of all the leucitic lava 
in this area is only 40 cubic kilometres or about 10 cubic miles. 
No doubt much of the tuff within the area represents disin¬ 
tegrated leucitic lava; but even if we doubled or trebled 
Washington’s estimate the result would r>ot be very impressive. 

It is questioruble whether any other region of leucite 
rocks equals the Roman region in size. The nearest is the 
volcanic field at the north end of I.ake Kivu in central Africa, 
which covers an area of 1,4S0 to 1,600 square miles (Combe 
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and Simmons). Some of the lavas were very fluid and spread 
far over the low land, but there U no reason to estimate the 
thickness of the flows at more than a few score feet, and a 
considerable proportion of the lava is not leucite4>earing. 
Probably 10 cubic miles is an ample estimate for all the leucitic 
lava in this field. 

The Leucite Hills in Wyominf? are a ^up of 20 little 
hills formed of cones and sheets of (mainly) leudte-bearin? 
lava (Kemp and Knight). The hills are scattered through an 
area of 80 by 25 miles, but the lavas have not spread far from 
the vents, and Washington indicates that the total volume of 
leucite rock is no more than one-fiftieth of that in the Roman 
region. 

In the West Kimberley distria of Western Australia, a 
group of 20 small craters, plugs and dikes have yielded leucite 
rocks which resemble most closely those of the Leucite Hills. 
The volume of rock exposed is quite small (Wade and Prlder). 

Leucitic lavas occur in the East Indies, especially in Java 
and Celebes (Iddings and Morley). There are five volcanoes 
strung along a 300 mile line in north-east Java which have 
yielded chiefly leucitic lava. The minor occurrence on Celebes 
is 500 mites away, so it is hardly justifiable to consider it as 
part of the Java field. It is not possible to form any estimate 
of the volume of leucit^bearing lava in this region. 

The absence of plutonic rocks containing leucite is remark¬ 
able. The " missourite ” of the Highwood Mountains, 
Montana, which is generally named as the plutonic equivalent 
of leucito4Msa}t, is not really a plutonic rock at all; it occurs 
in very limited amount in a stock or volcanic plug among 
rocks of the most variable texture and composition. Among 
the ejected blocks on Monte Somma there are some (hat have 
been described as leucite-syenite, leucite-foyaite, and leucite- 
besrlng pyroxenite, but these rocks are not found in place. 
Blocks of leudte-ijolite have been found on Niligongo, 
one of the volcanoes of the Lake Kivu field. Granular 
rocks oonuining pseudo-leudte together with ncpheline, pyro¬ 
xene, melanite, have been described on the Ksindy River in 
Turkestan (V. Nikolajew). The borolanite of N.W. Scotland 
is a doubtful member of the pscudo-leucite class. 
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^ ^ As r^fards the genesis of this very rare /froup of rocks, 
It iS to be observed that leucite is commonlv associated with 
some proportion of nepheline, and that melilite and meUnite 
^ rather frequent aroessory constituents of leucite rocks. 
This su^^ests that assimilation of limestone may have played 
a part in the genesis of these rocks. The question has been 
inv^igat^, in the case of Mount Vesuvius, by A. Rittmann. 
This best known of all volcanoes has drilled its vent through 
two miles of Cretaceous limestone and Triassic dolomite. 
Rittmann shows that the degree of silication, or the ratio of 
the actual molecular proportion of silica to that necessary for 
complete saturation of all the silicate minerals, has declined 
steadily in the course of time from 089 in the oldest prehis- 
tone pumice to 0-67 in the recent lavas. In terms of minerals 
this means that there has been a progressive reduction in the 
feldspar content of the lavas and a corresponding increase in 
the content of leucite and nepheline, combined with increasing 
colour-indM. Rittmann concludes that the development of 
the Vesuvian magma from the ancient Somma magma has 
involved assimilation of the Triassic dolomite and gravita. 
tional differentiation of the contaminated magma. 

Other well-known leucite regions are also underlain by 
limestone; this is true of the Leucite Hills: the Eifel: Bohemia; 
the West Kimberley district; Kaindy River, Turkestan; the 
Trans-Caucasus; and the Java and Celebes fields. In Java, 
H. A. Brouwer has found a remarkable demonstration, al¬ 
though on a minute scale, of the formation of a leucitic glass 
from an andesitic magma by reaction with an enclosure of 
limestone. 

The Lake Kivu region is a critical one for the hypothesis 
that limestone plays a part in the generation of leucitic lavas. 
A. D. Combe and W. C. Simmons, of the Geological Survey 
of Uganda, mapped the Bufumbira area, the eastern portion 
of the Kivu field, and they do not record any limestone there 
or in western Uganda in general; consequently A. Holmes and 
H. F. Harwood (1), who have furnished an admirably detailed 
account of the p«rolopr of the lavas, dismiss Daly’s hypo¬ 
thesis from consideration on the ground that " there is little 
or no limestone or dolomite to be assimilated.” 
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It cannot be too often repeated that the absence of out¬ 
crops of limestone is no proof of its absence in depth, especi¬ 
ally among Arch*an rocks-’ The following points suggest 
that the proportion of limestone in the basement of western 
Uganda may be greater than the outcrops suggest. 

Right on the northern margin of the Kivu volcanic held, 
near Rutschuru, Lacroix and Delhaye have described a con¬ 
siderable body of foyaite. In the composition of this rock 
both cancrinite and melanite play a part, and catciie is also 
mentioned as a constituent. To anyb^y who has studied the 
genesis of nepheline, melanite and cancrinite, this occurrence 
is very significant. An entirely similar occurrence is recorded 
by J. Thoreau in Urundi, south of Lake Kivu, with diopside- 
pyroxenites and scapolite^yroxenites. 

In the Toro-Ankole district, north and south of Lake 
Geoige, there are many explosion craters, some with tuff cones 
and small bodies of lava. A number ct ejected blocks from 
these craters, crilected by the Geological Survey of Uganda, 
were described by Holmes and Harwood (3). Among them 
were fragments of various leucite, melilite and rtephcline-bear- 
ing lavas, many of them highly carbonated; also melanite- 
pyroxenite, sphene>pyroxenite, tremolite-amphibolite: besides 
gneiss and granite. The association of melilite with diopside, 
melanite, ^ene, perovskite and tremolite in these boulders 
should make one hesitate to assert the non-existence of lim^ 
sttme in the basement of western Uganda. 

What is the alternative to reaction with limestone, as an 
explanation of the genesis of leucite-bearing and melilite-bear- 
ing lavas in western Uganda and the Lake Kivu field? 
Holmes offers us a series of purely hypothetical reactions in¬ 
volving augite-peridoiite, '* emanations,’' and feldspathized 
sediment. *' Emanations” seem to play the same part in 
some modern petrology that "humours” played in medieval 
medicine; they may be used to explain anything. The only 
tangible evidence for Holmes* speculations is the occurrence 

> A diWinciiubwl rwritwr in Ika Jaurm^ */ Gt^ff tnkn szciptioa to (bit 
Mttatnt, eltiaiof thtt it tbon ’'Wind ttJib in a Ibnory.” Surnly tba 
nu who tbowt blind ftitb It tbn eat who Mkw potitivt untMunat* tbooi 
(be (icBipotilion o( i telld prism rock tiler tttlnf otil^ eat el its end 
(Met. 
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of occasional nodules of peridotite and pyroxenite in tbe 
Bufumbira lavas and tuffs. U is not clear that these fra^ 
ments are any more numerous than those that contain melanite 
and perovskite, or any more valuable as evidence in the in¬ 
vestigation. It seems to the writer that the evidence of the 
lime-silicate fragments, added to that of the Rutschuru foyaite 
and the melilite-bearing lavas, puts the case for deep-seated 
limestone in the basement rocks of western Uganda and the 
Lake Kivu region in a stronger position than any hypothesis 
that depends upon hypothetical emanations. 

An account of the genesis of leucite rocks must explain 
not only the deficiency of silica, but also the excessive con¬ 
tent of potash in relation to soda. Rittmann has considered 
this aspect of the problem at Mount Vesuvius and thinks the 
explanation is to be found in expulsion of soda from the 
magma into the country rocks. It is not easy to study the 
contact rocks beneath an active volcano, but the ejected blocks 
of metamorphosed limestone contain nepheline and sodalite as 
well as lime silicates. 

There are to be found in the literature quite a number of 
descriptions of potash-rich rocks at limestone contacts. For 
instance, Dixey and Smith comment upon the high potash 
content of the feldspar that is associated with the carbonatites 
of Nyassaland. G- A. Joplin noted the appearance of orthcK 
close in the reaction zone iMween diorite and limestone at Ben 
Bullen, New South Wales. A simultaneous enrichment with 
potash and lime is recorded in rooks of shonkinitic or malignitic 
character at Predazzo, Loch Borolan, Sviacoy Noas, and 
Kaindy River (S. J. S., 5). Since limestone cannot furnish 
potash to a magma, it seems to follow that the enrichment 
with potash is relative and that it has been effected by expul¬ 
sion of soda. 

The granittslimestone contact at Palabora, Transvaal, 
was described in Chapter V, and it was shown (Fig. 8) that 
there is evidence of three distinct processes, nanwly desilication 
of granitic magma, assimilation of lime and magnesia, and 
elimination of Mda (S. J. S., 6). From a soda-potassic granite 
there has thus been formed a microcHne-diopside rock that is 
as nearly as poasible free from soda. Where the soda has gone 
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is by no means clear, nor the form in which it was expelled; 
but perhaps the likeliest supposition is that it escaped in the 
form of a very fluid foyaitic magma, to form independent in> 
tnisions at a higher level in the crust. It is not tl^ght that 
the microcline-diopside rock existed as a magma, but it has 
acquired the very high content of potash which is a pre¬ 
requisite for the formation of leucite. 
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CHAPTER XIX 

meteorites 

The grwiest weakness of petrography, as a method of inv^i- 

garinl the ocmposition of the earth, is that 
Li only be made upon rocks that have * 
few thousand feet from the surface, say a Ihouwdth pw ^ 
the earth's radius. There is good reason, no o" P«^ 
logical than on geophysical and astrci^.Ml 
^ that the matter that forms the late^or ^ the P »"« « 
different in many respects from surface roAs; but 
vation ef this matter is naturaUy impossible. It is h^ tha 

meteorites come to our assistance. H U quite 

view one holds regarding the origin <rf ^^^sTu 
supported by the spectroscope, has shown that the un»«r»e « 
fonn^ of the same elementary materi^s ^ 
whether one regards meteorites a^haitered 
planets, nebular knots or condensed comets, as bolts from tlw 
Mn or as bombs from terrestial volcanoes, the important fa« 
for us is that melaoriUr bring to o«r notict a tyft of rock 
•xuting in ike solar sysUm but differont from anything 
occuts in tha outer skeU of our planet; and this material has 
iust the sort of composition that petrology, geophysics and 
astronomy combine to indicate as likely to be found m Uie in- 
teriof of the earth. For thU reason, the study of meteoritw 
has an extraordinary interest for the petrologist, and. no dis. 
cuasion of eruptive rocks can be complete which ignores this 

fascinating aspect of the subject. , 
Meteorites show their relationship with the more familiar 

eruptive rocks in many ways. Most of the constituents of 
meteorites, though not all. are identical with common rock- 
forming minerals, and they show the same crystalline habit as 
these The textures of meteorites are partly similar to those 
of eruptive rocks and partly different; but the differences 
between meteorites and terrestial Uvas are not more striking 
than those between lavas and plutonic rocks, or lavas and 
tuffs. On the other hand, meteorites have scarcely any char¬ 
acters in common with sedimentary rocks or crystalline schists. 
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Thb Chemisi-ry op MrrtoRiTKs. 

The abundant cltemicai elements in eruptive rocks are 
oxygen, silicon, aluminium, iron, calcium, sodium, potassium, 
magnesium, and titanium, in that order, with hydrogen and 
sulphur occasionally rising to prominence. (See the table on 
page 81.) 

The common elements in the iron meteorites are iron and 
nickel, with small quantities of cobalt, manganese, and copper. 
The elements of the stony meteorites (disregarding admixed 
grains of nickel-iron) occur in the following order of abund¬ 
ance, according to a computation by G. P. Merrilloxygen, 
silicon, magnesium, iron, aluminium, calcium, sodium, chro¬ 
mium, manganese, potasuum. 

There is a difficulty about combining these statements into 
a conclusion that could be applied to all meteorites. Stony 
meteorites fall much more numerously than iron ones, but 
owing to their brittle character they tend to be dissipated in the 
form of small fragments and dust and so to escape notice. 
The largest known meteoric stone reached the earth as a lump 
of about one ton in weight. Again, the similarity of meteoric 
stones to many terrestrial rocks makes their discovery largely 
a matter of accident. The iron meteorites, on the other hand, 
are comparatively big. The Cape York iron, from Greenland, 
is eleven feet long and weighs over 86 tons. The Hobs 
meteoric iron, in South-West Africa, measures ten feet by nine 
as it lies in the ground, and the apparent thickness is about four 
feet. L. J. Spencer (1) estimates the weight to be about sixty 
metric tons. Even a small lump of iron is more likely to attract 
notice than a lump of stone; thus it is ceruin that no compari¬ 
son of irons and stones, eitlter by number or by weight, can 
give a trustworthy base for computing the relative abundance 
of the chemical elements in the irons and stones combined. 
W. A. Wahl holds that the order of abundance is approxi¬ 
mately as follows:—iron, oxygen, .silicon, magnesium, alumin¬ 
ium, calcium, nickel, sodium, sulphur, potassium, cobalt, 
phosphorus, carbon, hydrt^en. 

By adding together all the reliable chemical analyses that 
have been made, without taking weights into account at all, 
O. C. Farrington formed the following estimate of the average 
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oomposition ot meteorites:—* 

7SOS ... 39 
lOlO ... 17 
e-fio ... 14 
fr-90 ... 09 

... 04 
-49 .. 04 
•4e ... 08 

cobalt . . -44 other elements . ... OB 

In •ddittoD to those named, a number of other elemertu 
have been detected in very small quantity; these are chlorine, 
copper, tin, titanium, vanadium, ^d, the metals of the plati¬ 
num group, and the inert gases. No element has been found 
in meteorites that was not already known on the earth; on the 
other hand, some of the comparatively common elements have 
not yet been delected in meteorites. Of these fluorine is the 
most con^icuous example; while the almost total absence of 
the strongly radioactive elements from meteorites is a point of 

some significance. 
Elements which occur in the native, or uncombined, state 

are iron, nickel, cobalt and carbon, commonly; manganese, 
copper, hydrogen, nitrogen and other gases, gold and the 
platinum group of metals, in traces. Copper is a very scanty 
component of most meteoric Irons, but the Richardlon stone 
exhibits specks of native copper. The platinum metals have 
been found in Arispe, Cape York, Canon Diablo and other 
irons, and gold in Melrose. The purely stony meteorites, 
such as Juvinas and Stanncm, contain none of these very 
heavy metals. The preservce of native phosphorus in the 
Saline stone, Katvaas, was announced by O. C. Farrington. 

W; A. Wahl has pointed out that the elements which are 
found in the native state are those whose oxides have a low 
heat of formation, as the following table shows:— 

Me + 0 - MgO + UB Scal. 
Ca + O - CaO + ISI S „ 
Al, +0,«A1,0, +(3x131*)., 
Na, + O - Na,6 + lOO-J „ 
K« + O s K-O + 97T „ 
Si +0,» SiO, +(ix«)-9)„ 

Mb + 0 MnO + »08 cal. 
C + 0 * CO + 689 IS 

P« + O M FeO + 64-6 »» 
Co + O rs CoO + 63-8 tt 
Ni + O a NiO + B9-7 91 

Cu, + 0 a Cu,0 + 43-8 91 
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Each element in this list is able to reduce the oxides of those 
which follow it In the list; thus no iron can become oxidized 
until all the sodium is in the form of the oxide i no nickel, 
until all the iron has been oxidized, and so on. This leads 
directly to a conclusion that has been esUblislied by G. T. 
Prior, that in meteoric stones generally, the poorer they are in 
nickel-iron, the richer that iron is in nickel, and the richer in 
iron are the magnesium silicates. 

The Mineralogy op MersoRtTES 

The minerals of meteorites may be discussed in two 
groups, as follows:— 

(1) Minerals which occur in terrestrial eruptive rocks; 
(S) Minerals which have not been found in terrestrial rocks. 
The common minerals of group (1) are olivine, ortho-pyro> 
xenes, clino-pyroxenes (generally rather poor in lime and 
nearly free from alumina), plagtoclase feldspars ranging from 
anorthite to oligoclase, chromite, and pyrrhotite (induding the 
variety troilite). The less common minerals of this group are 
quartz, which has been found in the St. Marks stone as well 
as in several irons; tridymite, graphite, magnetite, chlor- 
apatite, various hydrocarbons, and some soluble salts such as 
NaCl. Minute diamonds have been identified in Cafion 
Diablo iron, and a red spinel was reported by W. M. Foote in 
the Holbrook stones, but this has been disputed. 

The chief members of group (3) are the alloys of iron with 
nickel, including a little cobalt, manganese and copper. When 
a polished surface of an iron meteorite is treated with a suitable, 
et^ing reagent, a peculiar structure is often revealed which 
shows that the iron is built up of intersecting plates of at least 
two materials, differing in colour and in resistance to acids, 
while a third material fills the angular interstices. The broader 
plates, which are more readily attacked by acids, consist of an 
alloy called kamacilt, having the approximate composition Fe 
93 per cent, Ni(-f Co) 7 per cent. Narrower plates, the edges 
of which stand out in relief on the etched surface, are oompo^ 
of taeniU, another alloy containing from 14 to nearly M per 
cent of nickel (and cobalt); this alloy is much less abundant 
than kamacite and is sometimes entirely absent. The material 
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which fills the interspaces is called plessite; it is intermediate 
in composition between kamaciie and uenite, and u is perhaps 
iust a microcrysuUinc aggregate of these two alloys. 

Alloys of iron and nickel arc not entirely unknown in ter- 
restrial rocks, Masses of iron oonuining one to two ptr cent 
of nickel were found in basalt on Disk© Island. West Gree^ 
land, and grains of nickeliferous iron have been found in 
eravels derived from serpentine and pendotitcs in New Zea- 
Ld and elsewhere; but these irons differ both in structure and 
in composition from the iron of known meteorites. 

Other mineraU which occur in meteorites, but not m erup- 

tive rocks, sre lawrenceiU (ferrous chloride); 
bide of iron snd nickel corresponding to the forma a (^eiWi>,c; 
schmbtttiu. a phosphide of the same metals (with a litUe 
cobalt) having the formula (Fe,Ni),P; oidhamUt (calcium suU 
phide); daubrMiU. a double sulphide of iron and chromium, 
FeOtS,, which is the sulphur analogue of chromite; mou- 

jmtte or carborundum (silicon carbide, fiC)j® 
phosphate corresponding to the formula 3CaO,Na,0,P»u,; 

titanium nitride, TiN ; and once thought 
to be a distinct mineral of isometric crystallisation, but now 
considered to be plagioclase feldspar which has been hwted to 
• temperature at which the atomic space lattice broke down. 

Th* Tixtum of Mrtroritrs 

In respect of texture, meteorites fall into two main groups. 
Those of one group resemble products formed by the crys^- 
Illation of a liquid; those of the other group are comparable 
rather to volcanic breccias and tuffs. To the former group 
belong most of the irons and only a few stones, the majority 
of meteoric «ones being brecciated or tuffaceous. 

The iron meteorites (ridrWUj) show three varieties of tex¬ 
ture. characterised respectively by (a) the arran^ment of 
plates of kamacite parallel to the faces of a cube (hexahedral 
irons or hexahedrites); (b) the arrangement of plates of kama- 
cite and taenite parallel to the faces of an octahedron (octa,- 
bedral irons or octahedrites); (c) an apparent absence of any 
regular structure (ataxites). Accessory minerals such as 
schriebersite. cohenite, and pyrrhotite are generally present; 
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they form irregular nodules in the nickel-iron, and it i* clear 
(hat they were the first substances to crystallize; they were 
followed by kamacite, taenite, and plessite, in that order. 

In the syssidtritss there is a continuous, sponge>like 
matrix of nickel-iron enclosing isolated grains of olivine or 
pyroxene. These are sometimes well-formed crystals, but 
more frequently rounded or broken grains; and the iron itself 
may show a brecciated structure. The “ pallasites " of Kras- 
nojarsk and Imilac, specimens of which are to be seen in most 
meteorite collections, are beautiful examples of this type. 

The structure of the attoliUs or meteoric stones naturally 
interests us more than that of the irons. In these stones which 
hold little nickel-iron, and which in that respect resemble ter¬ 
restrial rocks most closely, the texture is often ophitic and 
quite comparable to that of a gabbro or basalt. The Juvlnas 
stone, for example, consists of augite and anorthite in ophitic 
intergrowth, with a little chromite, magnetite and pyrrhotiie; 
it exhibits drusy cavities, which are lined with well-formed 
crystals. The Jonzac stone is as coarse-grained as many 
gabbros, some of the anorthite crystals exceeding a centimetre 
in diameter. Such stones are generally given the name 

eucrite/' which was originally applied to an anorthite 
gabbro. There are also granular stones such as Chassigny 
and Bishopville, which are composed of uniform grains of 
olivine or pyroxene, often held tt^ether very loosdy. 

It roust be admitted that stones which resemble eruptive 
rocks as closely as these do are very rare. Among the brec¬ 
ciated stones, however, there are many, such as Petersburg 
and the ” howardites,” which are made up of'fragments of 
ophitic stones. G. T. Prior says of the brecciated Simondium 
meteorite that it resembles in many parts a terrestrial basalt 
perhaps more closely than any other meteorite.” In thin 
sections under the microscope, this meteorite shows particles 
of metallic iron, in grains generally less than a millimetre in 
diameter, large rounded olivine crystals, and smaller irregular 
grains of enstatite, lath-shaped feldspars (labradorite to anor. 
thite), and grains of magnetite. As for the Stannern stone, 
if it had not actually been observed to fall, it is difficult to 
see how it could be distinguished from a terrestrial basalt-tuff. 
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The great me/ority of stony meteorites have a character¬ 
istic texture to which no exact analogue can be found among 
eruptive rocks. They are made up largely of little rounded 
bodies (chondrules) of various kinds, embedded in a frag¬ 
mental base. A common type of chondrule is a tittle spheroid 
composed of one or more well-formed, rounded, or skeleton 
crystals of olivine, intergrown with glass. In another type 
there is a fibrous strticture, due to eccentrically arranged 
needles of enstatite, which seem to show, by this arrangement, 
that crystallization started from the outside of the chondrule. 
Other chondrules contain both olivine and enstatite, together 
with glass; others contain nickel-iron; some hold plagioclase; 
and some are just little drops of glass. Chondrules are typic¬ 
ally spheroidal in form, but they are frequently flattened or 
indented, and entire chondrules and broken ones are often 
found together. Occasionally a large chondrule is seen to 
enclose a smaller one. Chondrules have been supposed to 
have originated through the rapid cooling of liquid silicates, 
thrown up by explosive action into a hot (solar ? stellar 7) 

atmosphere. This view implies a mode of formation compar¬ 
able wUh that of a tuff. 

Entire meteoric stones are surrounded by a thin crust of 
glass, generally of a very dark colour owing to ,the presence 
of minute grains of magnetite. The crust is believed to be 
formed during the passage the stone through the atmo¬ 
sphere. Thin branching veins of a similar dark glass often 
traverse the interior of a stone; they resemble the veins of 
“ pseudotachylyte" which are developed in certain ancient 
rocks in South Africa, India and Scotland. Pseudotachylyte is 
a compacted and partly vitrified siliute dust, generated within 
fissures in granite, gneiss and other hard rocks which have 
been subjected to violent mechanical shock. The resemblance 
between pseudotachylyte veins and the dark veins in meteoric 
stones may be held to support the view that meteorites have 
been produced by the sudden disintegration of some larger 
celestial body. Pebbles and rough lumps of a highly siliceous 
glass have b^n found in several parts of the world where there 
are no volcanoes and certainly no glass-factories; for instance, 
in the Arabian and Libyan d^rts and on the Nullarbor plains 
of southern Australia, as well as in Tasmania, India, Indo- 
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China and Java. Many of them arc black or dark i^reen, juat 
like obsidian, and they take the form of little rounded pebbles 
or buttons; they contain 70 to 80 per cent of silica. But the 
latest discoveries In the Arabian and Libyan deserts and in 
centra] Australia present a nearly colourless glass with 90 to 
97} per cent of silica, and L. J. Spencer (2) suggests that this 
material may have been formed '* by the fusion of desert sand 
in the heat developed by the fall of gigantic meteorites." No 
such explanation is applicable to the widely distributed '*aus> 
tralites" of southern Australia, which have been picked up 
over an area of some 9,000,000 square miles, especially on the 
Nullarbor limestone plains (C. Fenner). To account for these 
a shower of glass meteorites has been suggested. But 
until a glass meteorite is observed to fall—which has not yet 
happened, although the number of observed falls of meteorites 
is nearly six hundred—Ht is advisable to keep an open mind 
about the origin of these curious glasses. 

Geographical names such as moldavite, billitonite, aus> 
tralite, by which these glasses have been known in the past, are 
rvow being replaced by the simple descriptive name taklita. In 
a recent study of the tektite problem, by V. E. Barnes, it is 
shown that many tektites contain minute particles of fused 
quartz (lechatelierite), just as fulgurites do. This observation, 
along with the very high silica content, distinguishes tektites 
from all known volcanic glasses. Barnes concludes that some, 
if not all, tektites have been formed by the melting of sandy 
sediments by lightning. 

Classification and Description op Metsoritss 

Until quite recently, meteorites were classified primarily 
on the basis of texture, with little regard to composition except 
as concerns the proportion of nickel-iron. A quantitative 
chemical classification of meteorites, on the lines of the norm 
classification of eruptive rocks, has been introduced by O. C. 
Farrington. The classification of G. T. Prior is a genetic 
one, based on the hypothesis that meteorites have separated 
from a single magma which has passed through successive 
stagesof progressive oxidation. Since the metallic nickel can¬ 
not become oxidized until all the iron is in the state of oxide, 
as has already been shown, it follows that the ratio of Fe :Ni 
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in the meulltc portion is related to the stage of oxidation of 

the magma. 
Prior rect^nises the usual four classes, irons, stony Irons, 

chondritic stones and achondritic stones, and within each class 
he sets up four groups with the following distinctive charac¬ 

ters:— 
Group 1.—Nickel-iron; ratio Fe: Ni greater than 18. 

Magnesian silicate: enstatite nearly free from 

iron. 
Feldspar: oligoclase. 

Group 3.—NidceUron; ratio Fe: Ni less than 18. greater 
than 8. 

Magnesian silicates; bronzite and olivine oor>- 
taining more than four times as much 

MgO as FeO. 
Feldspar; oligoclase. 

Group 8.—NIckel-iron; ratio Fe: NI less than 8, greater 
than 8. 

Magnesian silicates; hypersthene, • dino- 
pyroxene and olivine containing less than 
tour times but more than twice as much 
MgO as FeO. 

Feldspar: oligodase. 
Group 4.—Magnesian silicates: dino-pyroxene and oli¬ 

vine containing leas than twice as much 
MgO as FeO. 

Fddspar; anorthite. 
In order to illustrate the variations in the composition of 

meteorites, for the purpose of comparing them with terrestrial 
rocks, we shall give the mineralogical composition (rrtode) of a 
number of examples, arranging them simply in the order of 
increasing content of nick^lron. In view of the scarcity of 
quantitative descriptions of eruptive rodts, it is interesting to 
find that in most accounts of meteorites the mineralogical com¬ 
position is Stated quaniiuHvely and very accurately. 

MeTRORITES COHTAINING LESS THAM 10 PER CENT OP 

Non-Siucatss 

It b among the stones containing less than 10 per cent of 
non-sillcates that the closert resemblance to eruptive rocks is 
observed. The Juvinas stone, to which we have already re- 
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{erred, has, according to C. Ramaidsberg, the following 
composition, which is just that of an anorthite^abbro:— 

pyroxene . 
anorthite . 

. 69-6 chromite . . 1-3 
1-3 

apatite . . 0-6 pyrrhotite . 
The Petersburg stone is a brecciated eucrite, very similar to 
Juvinas in composition; Rammelsberg gives pyroxene d8'6, 
anorthite 30, pyrrhotite 06, in this case. In the Sherghoity 
eucrite, G. Tschermak found pyroxene 78-4, plagioclase 
(maskelynite) 22*6, magnetite 4*6. The Shalka stone is prac> 
ticalty a pyroxenitc, consisting almost entirely of a variety of 
hyperslhene rich in ferrous oxide. 

None of the above stones contains any olivine. In the 
Hendersonville chondritic stone olivine is an important con> 
stituent. The following, mode is given by G. F. Merrill 

pyroxenes . . 51-69 nickel-iron . . 9-88 
. 40-48 

chromite . . -80 scbreibersite . •08 
The Goalpara stone (achondrite), as described by G. 
Tscliermak, contains 62 per cent ^ olivine, 80 of pyroxene 
(clino-bronzite according to Prior), and per cent of nickel* 
iron. A still higher content of olivine appears in the Ornans 
stone, which F. Pisani has analyzed with the following 
result 

olivine . 7610 nickel-ifon . 1-86 
pyroxene . 16'98 chromile . 0-40 
troilite . 6-61 

Finally, in Chassigny, we have an example of a stone that is 
almost entirely composed of olivine (rich in ferrous oxide) with 
just a little chromite and pyroxene. 

MbTBORITUS Co>n'AlNING FROM 10 TO 80 RBR OCKT Or 

NoN'Silicatrs 

We hltd an olivin^free example in the Khairpur stone, 
which belongs to Prior’s group of enstatiie chondrites. The 
mode given by Prior is;— 

enstatite . 60-31 
oligoclate . 8-96 
nickel-iron . 18-98 
troilite . 7-03 

chromite . -38 
ilaubr4ellte . -29 
oldhemite . -34 
graphite . '41 
rust, etc. 439 
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that ooauin oHvine are much commoner than the above 
type. Prior has shown that most cbondritic stones approxi¬ 
mate to one chemical and mineralogical type, of which the 
averai^e composition is as follows:— 

. 44 . 9 

. .10 . 6 
feldspar . . 10 chromite, etc. . 1 

How closely some of these stones, found in widely separated 
regions, resemble one another, and how nearly they approach 
the above average, may be shown by quoting Prior’s own 
analyses of (he Launton stone, which fell in England in 1680, 
the Amana or Homestead stone (Iowa, 1876), and the Baroti 
stone (India, 1910). 

L*aal4u Amamt Barali 

feldspar . . lass 9-76 ia96 
oUvioc . . 41-91 4ai6 4919 
broiiate ... . 99 60 3a76 9098 
nickd-irofl . 84S ia99 891 
troilite . 6-98 6-96 679 
apatite .. 96 99 66 
chromKe .a. ■46 44 97 

. magnetite, Uflaenile ... ■38 — 94 

MmOiUTES COKTAtNTNG FROM 80 TO 60 PER CBWT OP . 

Nok-Siucates 

Among these meteorites Daniel's Kuil is olivine-free and 
Saint-Sauveur holds very little olivine. The first of these 
modes is by G. T. Prior, the second by A. Lacroix. 

Dmltfi K»U St. Ssmtt 

feldspar .  6'f7 19-38 
enitatHc ..   66-76 41-96 
olivine . — 1-40 
nickel-iron .  96-46 97-49 
troUite . 7 96 1 4 96 
oldhamiie . -88 1-16 
daubrfelite . -40 -99 
chromite . -34 — 
apatite . — -34 
graphite . -39 -10 

In Hainholtz and Vaca Mueru, which hold almost equal parts 
of silicates and non-silicates and fall in the group of mean- 
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ti44rU4s, olivine is again very scantily represented, 
inodes are by G. T. Prior. 

HtimMU 
anorthite . 14-ft 
pyroxene ... 27 
olivine . 1-5 
nickeUiron . 46-6 
troiUte . 4 
•chreibersite, etc. 2 
chromite ... -8 
rust . 4 

KoM 

17 
32 

1-8 
41-6 

2 
3 
1 
2 

Both 

The Mount Vernon meteorite is a pollasitc unusually rich in 
olivine. W. Tassin gives its composition as follows:— 

olivine . 63-16 chromite . 1-00 
nickel-iron . 33-12 troilite . -69 
schreibersite . 1-96 carbon . -09 

MrTBORITSS COiTTMWNO MOXE ThAN 60 PER CEKT OP 

Notf>SlLICATBS 

A siderolite described by A. Lacroix from the Adrar 
desert falls within this range of composition, but is nearly free 
from olivine. The mode is:— 

feldspar . . 1-7 nickel-iron . . 71-2 
hypersthene ....... . 173 troilite . . 83 
olivine . schreibersite . . 0-6 

The Tucson iron still conuins a little olivine and is therefore 
intermediate between the pure irons and the pallasites. }. L. 
Smith has given the following mode 

nickel-iron . 93-81 schreibersite ... 0-94 
olivine . 6-06 chromite . 0-41 

We conclude with a few examples of siderites containing no 
silicates at all. The Wichita octahedrite, according to E. 
Cohen's analysis, contains 66 per cent of kamacite, tS-S of 
taenite, 6‘8 of schreibersite, and 6 per cent of cohenite. For 
the Zacatecas iron, which is also an octahedrite, Cohen gives 
the following data:— 

nickel-iron . nickel phosphide . 1-08 
.1-06 .. (KI3 

troilite .. . 026 chromite . .. 0-07 
daubr4«Uie . . 002 reeidue .. 044 



S64 ERUPTIVE ROCKS 

The M*rt iron, with a Slill greawf proportion of metaJ, also 
belongs to the ociahedrites. Its composition has been deter¬ 
mined by G. P. Merrill and H. N. Stokes to be 

aickel-iron . »63l troilite . ... 005 
tchrtibersite . 1-oe chromite . ... tract 

I'or the Coaltuila iron, a hexahedrite, E. Cohen gives the 

following mode 

lucJcd-iron . W-i carbon . .. Oil 
tchreibersite (rhabdite) chromite, etc. 003 
<Iaubr4elitc . •0»7 

The Pre-Giolooic History of the Earth 

When so much remains unknown about the recent history 
of the earth .it would be foolish to speak with assurance of its 
pre-geologic history. Yet there is one aspect of the matter 
upon which all natural philosophers are agreed : the earth and 
the associated planets are so completely dependent upon the 
sun that we cannot conceive of them except as its offspring. 
We believe that the history of the earth began with its separa¬ 
tion from the sun. It is not necessary to know how the 
separation took place; nevertheless the Tidal Theory of 
Ctomberlin and Moulton, with the modifications introduced 
by Jeans and Jeffreys, is considered to afford an adequate 
explanation. 

This theory supposes the sun to have been deprived of a 
small part of its gaseous envelope by the attraction of a close¬ 
passing star. The extruded filament of gas, too tardy to catch the 
fast-receding star and too elongated to be wholly drawn back 
into the sun, began to condense in consequence of loss of heat 
by radiation and adiabatic expansion. J. H. Jeans has deduced 
by mathematical reasoning that condensed portions of the 
gaseous mass would separate in succession from (he main body, 
thereafter to carry on an independent existence as planets. H. 
Jeffreys has computed the minimum radius of a planet formed in 
this way and finds it to be 1400 kilometres. This result is im¬ 
portant, for it means that asteroids whose dimensions fall below 
this limit, and all such minute bodies as meteorites, can not 
have been formed by direct condensation from the gaseous 
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State. It follows that meteorites must either be fragments of 
larger solid bodies such as former planets or else they must 
have been formed by the aggregation o( small solid particles. 
This agrees with the observation that the texture of the stony 
meteorites resembles that of a volcanic tuff. 

Jeffreys shows further that the cooling>history of the new¬ 
born planet must depend upon its size. A large body of gas 
composed of sufficiently dense elements will be held together 
by gravitation and will cool down by radiation from the out¬ 
side. Drops of liquid will be formed which will fall like rain¬ 
drops towards the centre of gravity of the mass, where they 
will build up a liquid nucleus having its heaviest components 
at the centre. Smaller bodies of gas will behave differently, 
for gravity may be insufficient to prevent their expansion. The 
form produced by continued expansion, with rapid loss of 
heat, will be a hollow sphere composed of liquid drops, enclos¬ 
ing some unoondensed gas. At this stage two courses of 
development become possible; either expansion will continue 
until the drops are dissipated in space, or else expansion will 
cease and gravity will uke cliarge and draw the drops together. 

Jeffreys claims that by any mode of aggregation a plaiut 

must pass Ihrougk a Hquid stage, for the drops falling towards 
the centre of gravity will pass through a b(^y of gas that is 
hotter than themselves, so the temperature of the drops must 
be raised by conduction as well as by friction and mutual im¬ 
pact. Once a liquid nucleus was formed there would be direct 
condensation of gas upon it. For these reasons it seems to be 
a valid contention that “any matter aggregated into the 
nucleus would be liquid." 

The temperature at the base of the sun’s photo 
sphere Is calculated to be about 6800* Abs., which is 
far above the boiling point of any of the chemical ele¬ 
ments. Iron, nickel, and cobalt alt boil below 8000* C. 
Only carbon and a few of the rare metals, such as tantalum, 
platinum, and tungsten have higher boiling points than 
this. The chemical composition of the envelope is known 
from the relative intensity of the spectral lines; it appears that 
the most abundant elements in the envelope are calcium, iron, 
hydrogen, sodium, nickel, magnesium, cobalt, silicon, alumi- 
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num, tiunium, manganese, in that order. These are just the 
elements that are commonest in the earth-crust, with the excep¬ 
tion of potassium which seems to play a minor part in the sun. 
At the enormous temperature of the sun’s surface these elements 
are uncombined. Oxidation and other chemical reaaions took 
place in the condensing body of gas as its temperature fell 
towards 8000’, and this must for a time have neutraliaed the 
loss of heat by radiation, thus giving Ume for the orderly 
condensation of the mass. Of the elements named above, 
magnesium has the highest energy of oxidation and it would 
be the first to combine with oxygen. It would be followed by 

and aluminum, then by sodium, potassium, silicon, 
manganese, carbon, hydrogen, iron, cobalt, nickel, in that 
order. The temperatures at which these oxides w^ld <»n- 
dense to the liquid sUte are unknown, but the melting-points 
and boiling points of some of the oxides in the pure state, under 
atmospheric pressure, are as follows 

■i.p. t>‘R- 
MfO 
CaO 

SiO. 

2806* 

2570* 
218S’ 
2040* 
1710* 

2960* 

2260* 
2280* 

Of the common silicates the most infusible are forsterite, 1800 , 

and mullite, 1810*. 
It is an open question whether the nucleus of heavy metals 

which escaped oxidation would be covered by a zone of liquid 
oxides (magnesia, lime and alumina) or by a zone of liquid 
silicates. The only scrap of direct evidence bearing upon this 
question is given by the pallasite group of meteorites; these 
consist of a sponge of metallic iron enclosing grains of mag¬ 
nesium silicate (olivine), not of magnesium oxide. We may 
therefore assume that the liquid zone overlying the iron core 
of the earth consisted even in the thinning of liquid silicates. 
not of liquid oxides. 

The radius of the iron core seems to be satisfactorily in¬ 
dicated by seismological daU, for there is abundant evidence 
of the existence of a nucleus which strongly reflects and re¬ 
fracts earthquake waves. The diameter of this nucleus, 
according to J. B. Macelwane. is probably between 68 per 
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cent and 68 per cent of that of the whole earth. Other sur¬ 
faces of reflection and refraction have been suspected at vari¬ 
ous levels in the silicate shell, but the evidence for these is by 
no means so consistent and definite as for the surface just 
above the half-radius, which we interpret as the top of the 

iron core. 
The composition of the silicate shell of the earth has the 

greatest interest for the petrologist, yet he has no means of 
satisfying his curiosity about it except by turning once n>ore 
to the meteorites. If from the composite analysis of all 
meteorites, quoted on page 844 (after O. C. Farrin^on) we 
subtract all iron, nickel, cobalt and sulphur, the remainder has 
the following composition 

99^91 

In terms of minerals this corresponds to enstatite 66, diopside 
10, olivine 10, plagioclase 16 parts. A direct study of the 
composition of chondritic meteorites was made by G. T. Prior 
with the following result: ensutite 80, olivine 44, feldspar 10, 
ores 16 parts; if the ores are deducted this becomes ensutite 
36, olivine 69, plagioclase 19. Of these two compuUtions 
Farrington’s is perhaps the more useful, since Prior has 
omitted the gabbro-like ophitic stones. But whether we con¬ 
sider Farrington's dau or Prior’s the composition indicated is 
that of a sHghtly ftldspaihic p«rido<tt« or ficriU m which mag- 

natium greatly exceed calcium and all other melaU. 

One may question the propriety of basing concIu»ons 
about the composition of the earth upon the evidence of the 
stony meteorites, of which we know only a few tons in all; yet 
the concluMon just reached is not out of harmony with the 
data of petrology which make it probable that the magmas of 
deepest origin are rich in magnesia. Furthermore one cannot 
fail to be impressed by the resemWance between the structure 
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oi Chondfitic meteorites and the picture which we have formed 
of dropleu of rapidly congealed liquid which escaped the oon- 
ird of gravity during the expansion of the gas-ctoud, and were 
afterwards aggregated in the solid condition. Let us suppose, 
then, that the iron core of the growing earth was surrounded 
by a liquid shell composed largely of magnesia and silica and 
having approximately the composition of enstatiie-peridotite. 
The freezing of the system MgO-SiO, is completely known 
from the work of Bowen and Andersen, and the slightly feld- 
spathic peridotite described above comes near etvough to this 
system to follow a similar course of crystallization. 1 he earliest 
crystals formed would be of olivine (nearly pure forsteriie), and 
the temperature of commencing crystallization somewhat below 
1600'. Bowen has shown that in a liquid of the composition 
diopside 66, ensutite 44, the early crystals of olivine sink; it 
need not be doubted, then, that olivine crystals would sink in 
such a liquid as we are discussing. Having sunk a ceruin dis- 
tance they would be remeked; thus in the course of time the 
surface portion of the earth's silicate shell would be largely 
deprived of magnesia and would therefore be relatively enriched 
with lime, alumina and alkalis. But the sinking of olivine 
crystals out of a magma which conuins enough silica to have 
formed enstatite leaves that magma relatively enriched with 
silica: for instance, the 66 per cent of ensutite indicated by 
Farrington's data correspond to 45 per cent of olivine and SO 
per cent of silica. Thus, as long as olivine continues to crjrstal* 
Use, the silicate shell must become ever more and more siliceous 
and feldspathic in composition towards the top, and more and 
more magnesian downwards, with no sharp discontinuity any¬ 
where. In (he case of the hypothetical magma that we are 
discussing, the sinking of 10 per cent of olivine would leave 
the magma exactly saturated with silica (using Farrington's 
dau). If 30 per cent of olivine settled out, the magma would 
be left with 6-6 per cent of excess silica; if 80 per cent settled 
out, the magma would contain 18 per cent of excess silica. 
Even when the temperature of the liquid sank so far that 
ensutite began to crystallize instead of olivine, it is likely that 
crystal settling would still go on and that the upward concen¬ 
tration of feldspathic molecules and silica would be continued. 
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The crysulltution of a calcic plagioclase at a siill later sta^ 
would leave the surface liquid relatively enriched with soda 
and still more so with potash. 

ft seems to follow from these convderations that the 
granitic shell of the earth might have been formed in cons^ 
quence of crystallization and crystal«settling in the supposed 
enstatit^peridotite or meteoritic earth-magma. On paper, a 
shell of this magma less than 100 miles thick could furnish the 
materials for a granitic " shell 20 miles thick, within which 
there would be a gradual passage from true granite at the sur¬ 
face to tonalitic and gabbroic rocks below. The top of the 
underlying liquid zone would probably be more feldspathic 
than the original peridotite magma on account of some sinking 
and remelting of calcic plagioclase; thus a zone of olivine 
basalt might intervene between the solid crust and the under¬ 
lying enstatite-peridotite magma. There would be no solid 
peridotite (except perhaps lo^ly and temporarily) because the 
sinking crystals of olivine and enstatite would of necessity be 
remelt^ as soon as (hey reached a certain limiting depth, 
determined by the temperature gradient. 

An alternative line of speculation U opened by J. W. 
Greig’s discovery of liquid tmmuctbtliiy in melts of silica with 
magnesia, lime, and iron oxide, at temperatures near 1700*. 
No immiscibility was detected in alkalic or aluminous melts at 
that temperature, but it is not known how these melts would 
behave at still higher temperatures. If the newly condensed 
shell of liquid silicates about the growing earth were capable of 
developing two immiscible liquid phases, one richer in alkalis 
and silica and the other richer in lime and magnesia, then the 
problem of the earth’s granitic shell would be solved. 
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A.—The Mineralogy of the Oversaturated Rocks 

The proportion of qusrtz in an ovcrsaturated rock ranges from 
almost nothing to a maximum which approaches fifty per cent; 
and of what we may call average granite, quartz forms between 
twenty>&ve and thirty-five per cent. 

The crystals of quartz in plutonic rocks are sometimes 
enclosed in the outer zones of the feldspar crystals, but the 
bulk of the quartz occupies the interstices between the feldspars 
and the other constituents, and it is certain that in all deep- 
seated rocks quartz is one of the last minerals to crystallize. 
It has been shown by Day, Sosman, and Hostetter that quartz 
undergoes a remarkably rapid contraction below 675* C.; from 
this point down to 600* C. the contraction amounts to 3-4 per 
cent of the volume of the quartz. This must be an important 
cause of the production of shrinkage cracks in granites, and it 
may explain why residual veins are especially characteristic of 
oversaturated rocks. 

Tridymite, which is the stable form of silica berween 870* 
and 1470* C., has not been recognized in deep^eated rocks, 
but it is found in some lavas and also in foreign rock frag¬ 
ments which have been enveloped in lava and baked by its 
heat. Minute hexagonal plates of tridymite are sometimes 
seen in cavities in porous lava, and it is likely that this mineral, 
as well as the still rarer cristobalite, has been formed by some 
special reaction in which hot gases took part, and that It is not 
a direct product of magma at all. But all observers are not 
agreed upon this matter, and a summary of divergent opinions 
has already been presented (see page 37). 

Although the characteristic mineral of the oversaturated 

SBS 
*5 
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rodcs is quarU, the most abundant mineral is ceruinly feld- 
spar. This is usually a moderately potassic kind, cither ortho- 
dase (micTOcline), anorthodase, or mkroperthite, but a plafifio- 
ri.o feldspar, ranging in composition from albiie to labra> 
dtxite, is sometimes present to the almost complete exclusion 
of orthoclase. Whether potash-feldspar or soda-feldspar prc- 
dominates in granite as a whole, it is hard to say. The answer 
dearly depends on the definition of granite. The average 
composition of 288 analyses of granite, computed by R. A. 
Daly, indicates a slight excess of albite over orthoclase; but at» 
average for the granitic rocks of Japan, computed by Suzuki 
and Nemoto, shows albite in considerd>le excess over ortho- 
dase. On the other hand a collection of 187 analyses of the 
granites of Sweden, made by P. J. Holmquist, shows that 
varieties with dominent orth^ase and those with domineni 
albite are almost equal in number. 

It is certain that potash feldspar, whether free or held in 
solid solution in the outer zones of the plagioclase crystals, is 
never wholly absent. There is a distinct relation between the 
amount of quartz and the amount of potash feldspar present in 
a rock. As the plagioclase becomes more and more calcic, 
quartz dwindles, and when anorthite exceeds albite in the 
plagiodese there is seldom more than a trace of quartz left. 
tT»u$ in the labredorite- and bytownite-bearing rocks (gabbro, 
anorthosite, etc.) oversaturation is not a common condition. 

The sympathetic variation of quartz and orthoclase, and 
their antipathetic relation towards anorthite, are illustrated by 
the following series of analyses of closely related rocks from 
Idaho (W. Lindgren). 

Ab 
An 

ai m w <*) 
29-20 28 04 25 00 846 
1807 IS-84 11-21 7-57 
27-19 SSS4 9029 2820 

9^58 11 IS 18 80 2845 

Duparc and Borloz go so far as to maintain that the asso¬ 
ciation of calcic plagtodase O*bradorite to anorthite, without 
mantles of more ^Ic feldspar) with much quartz demonstrates 
that the rock containing these minerals is not a simple mag- 
eutic product. They have described various rodcs from 
Bolivar, Venezuela, which hold quartz, basic labradorite, 
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dJopside and hornb!end«, and which might pass for tonalites, 
although they have actually been formed by reaction between 
granite and limestone. 

The great variation that may be found in the composition 
of the feldspar in different parts of one continuous body of 
** granite '* is shown by the following table, compiled by 
W. Jf. Sollas, relating to the soda-granite of the Wicklow 
Mountains. Ireland. 

Croirhan Kinahela 
Rockabill . 
Blackstairi . 
Poulmounty. 
Three Rc^ Mountain 
Camtore . 
Ballinaclaah . 
Auirhrim . 
Ballyknockan ... ... 
Ba1Iinamudda(^ . 
Coolboy . 
Cushbawn . 

1 part orthodaae to 25 parts alUte 
to 12 tt 

t* to M It ft 

«• to 12 It ollgocUae 
M SI to 1-3 »t tl 

M to 1-4 If 

»• • t to S-9 SI 

It II to S’3 M tl 

to 1-2 andetine 
to 1-6 If 

*k II to 3-9 tl 

IS M to 5 1 tl tl 

A table illustrating the variation within the Vermilion 
granite. Minnesota, wits given on page 360. 

Since feldspar makes up the greater part of all over- 
saturated rocks, the arrangement of the feldspar crystals 
mainly determines the texture of the rock. We have to 
recognize three principal varieties of texture, as follows:— 

(1) The crystals are large, but often unequal in size, and 
are closely packed together without definite arrangement. 
Owing to mutual interference, only a minority of them have 
developed their Ideal shape. This is ordinary "granitic tas- 
ture," and is characteristic of the majority of plutonic rocks of 
all kinds. 

(3) The feldspars are more tabular in shape, owing to the 
large development of the pinacotds, and they and the mica 
scales or hornblende needles are arranged in roughly parallel 
position. This is " parallel texture." 

(8) Large crystals (insets) of orthoclase or microcline are 
embedded in a groundmass of smaller feldspars, quartz and 
mica. This Is " porphyritic texture." The felds^Mr of the 
groundmass is sometimes different from that of the insets; 
thus in the wdl-fcnown porphyritic granite of Shap Fell, West- 
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morland, the insets are pink orthodase and the feldspar of the 
gtoundmass is white digodase. 

The kaaey conrtitvantr of oversaturated rocks indude 
white and black micas, various kinds of hornblende and 
pyroxene, tourmaline, garnet and topaz. Sphene, zircon, 
apatite, fluorspar and magnetite are usually present in small 
quantity, and so, at times, are pyrite and other sulphides. 
Payalite (iron olivine) makes an occasional appearance in over* 
saturated rocks, and eudialyte, astrophyllite, allanite, and other 
minerals which contain the oxides of the rare metals are often 
detected in small quantity. Andalusite, cordierite and sillU 
manite are not normal minerals of eruptive rocks; when they 
appear in granite there is reason to suspect that assimilation of 
aluminous sediments has taken place. Nevertheless, E. S. 
Hills claims that both andalusite and stilimanite are sometimes 
primary minerals of granite. J. J. Runner has recorded 
andalusite and sillimaniie in p^matites of the Black Hills. 
S. Dakota, and E. W. Heinrich has described sillimanite and 
kyanite-pegmatiles in Montana. 

The mica of oversalurated rodcs includes ordinary mus* 
oovite, the Iithia*micas (l^pidolite and zinnwaldite), and several 
varieties of biotite. Muscovite is seldom found in large quantity 
except in rodcs with an abundance of free quartz, that is, in 
granites of a very add type, and it is developed in targe crysuls 
in pegmatite veins. Lilhia*mica is almost confined to the 
aplitic and p^matitic facies of the more acid granites, and to 
contact zones. Biotile is seldom entirely absent from quartz¬ 
bearing rocks; it is a deep brown variety, owing its colour to 
ferric oxide, but it becomes greenish with advancing alteration. 
The presence of minute enclosures of apatite, zircon, xenotime, 
allanite, and other scarce minerals is a peculiarity of the biotite 
in most granites. Round the enclosed grains, some of which 
are radioactive, the mica is generally more deeply coloured 
than elsewhere; these “pleochroic haloes” have afforded a 
means of measuring the age of the host mineral. 

The quantity of mica in an eruptive rock seldom exceeds 
fifteen per cent; in average granite it may be iuiid to range 
from about three to ten per cent. Muscovite is generally sub* 
ordinate to biotite, and it is only in some very acid granites 
and pegmatites that the rdation is reversed. In lavas, mica 



THK OVUISATURATEO ROCKS M7 

IS even scarcer than in the plutonic rocks; many rhyolites and 
dacites carry no more than a trace of biotite. 

Green hornblende very often accompanies biotite in the 
plagioclase-bearing granites, especially the more calcic ones, 
and it may be associated with pale green diopside. Ortho* 
pyroxene (ensutite or hypersthene) is occasionally present even 
in potassic granites and rhyolites, but only in small quantity. 
Jn the cbarnockite series of Uganda, A. W. Groves claims 
that hypersthene has been formed from amphibole and clino- 
pyroxene by plutonic meumorphism. At the calcic end of the 
oversaturated rock series we find rocks consisting of plagio* 
clase and augite or hypersthene, with only a trace of quartz 
and orthoclase left. 

The soda-pyroxene, egirine or acmite, makes its appear¬ 
ance only in the most alkaline varieties of granite, from which 
lime-feldspar is almost or quite absent. >€girine often ex- 
hibits a partial transformation into one of the blue soda-horn- 
blendcs j thus a crystal may have a core of cgirine and a mantle 
of riebeckite or arfvedsonite. These soda-rich minerals as a 
rule build spongy crystals which surround and incorporate 
quarts and feldspar grains; they have clearly been introduced 
when the rock was essentially solid. In certain cases in Finland 
and Scandinavia an ordinary granite has been impregnated 
with segirine by emanations from a younger soda-rich intrusion. 

Tourmaline is only occasionally an important constituent 
of granitic rocks; like muscovite, it is practically confined to 
the more quartzose varieties, and it is rare in lavas. It 
crystallizes at a late stage, and much of it is formed at the 
expense of earlier feldspar and biotite. The usual variety is 
the black iron-tourmaline, which appears brown or blue in thin 
section; but pink, green, or colourless alkali-tourmaline of 
hydrothermal origin is found in some pegmatite veins, often 
in association with lithia-mica. Tourmaline is almost never 
associated with hornblende or pyroxene. 

Garnet ts not an abundant mineral in granitic rocks, 
although individual occurrences are fairly numerous. A con¬ 
tent of 3 to 4 per cent of garnet is recorded by T. T. Quirke in 
granites of French River, Ontario. Garnet is sometimes pro¬ 
minent in aplite and pegmatite veins, and occasionally in acid 
lavas. The variety is almandine or spessartite. 
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FsyRliie is s very r*re constituent of these rocks. It has 
been found in s few cases only in drusy cavities in granite, in 
pegmatite veins, and in cavities in lava. In central Wisconsin, 
however, fayalite appears in quantity ranging from 1 to 6 per 
cent, as a normal constituent of certain hornblende granites 
and syenites (S. Weidmann). L. Hawkes has found fayalite 
in small quantity among (he insets in an Icelandic lava, and 
V. Sobolev has described a quartz-fayalite diabase *’ from the 
Tunguska River, Siberia, wliich contains 8 per cent of fayalite 
along with 96 per cent of mkropegmatite. 

Topaz, too, is largely confined to cavities and to pegmatite 
veins, where it is accompanied by muscovite, tourmaline, and 
sometimes cassiterite. In some rocks topaz replaces the feld* 
spar, and there have been produced in this way rocks (hat 
consist almost wholly of quartz and topaz. 

Epidote or clino-zoisite is generally thought to be a 
secondary constituent, but C. R. Keyes has described well- 
formed crystals of this mineral in (he granites of Maryland, 
and considers them to be primary constituents of the rocks. 
Clino-soisite, and also allanite (cerium-epidote), are very 
common in the granites of New England. A. Laitakari has 
described cpidote-granites in Finland. 

B.—The Classification and Nomenclature of the 

OVERSATtlRATtO RoCKS 
The long-established custom of naming granitic rocks 

according to the particular species or mixture of feld^rs they 
contain, to the neglea of characters possessing greater genetic 
significance, has given us t score of loosely defined rock names 
for most of which it is hard to find any justification. To 
granite and quartz-diorite there have been added tonaliie, 
adamellite, granodiVite, quartz-monzonite, banatlie, farsun- 
diie, (rondhjemite, yosemitite, opdalite, besides others that 
have a ^lecial textural connotation. For the dyscrystalline 
rocks we have rhyolite, dacite, rhyodacite, liparite, pantellerite, 
comendite, all defined in tenns of feldspar, besides a number 
of purely descriptive names. Since there is no dearly estab¬ 
lished physko-chemkal boundary anywhere in the orthoclase- 
albite series of feldspars, and certainly none in the albite- 
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anorthite series, it follows that the supposed “species" of 
granite and rhyolite are lacking not only in definition but also 
in physico-chemical significance. This shows that the feld¬ 
spars do not furnish an ideal basis for the classification of 
rocks, but it is too late to do anything about that. In the 
absence of natural boundaries we must do the best we can with 
artificial ones; and what we chiefly require of an artificial 
boundary is that its position shall tw clearly established. If 
we proc^ on the lines laid down in Chapter XIV, we arrive 
at a very simple grouping of the oversaturated rocks which 
does away with the need for most of the names cited above. 

EuCRVaTALT.UNB DiVIttOM 

Or>An-CRANITE ( Z 

A">0'-tonalite 

DyscavsTALLiwi Division 

Or*^An — RHYOLITE j Or>Ab—Potaah-rhyolitt 
or>An —KMyuLiiu I A5>Or—Soda-rhyolite 

f Ab>AD — Soda-dacite 
I An>Ab—Umc-dacite An>Or—DACITE 

In this arrangement the troublesome rocks which contain 
two kinds of feldspar, and which have given rise to so many 
new names, fall ^most entirely into soda-granite. Most of 
these rocks contain a moderately calcic plagioclase (oligoclase 
to andesine) together with a potassic feldspar, but a few have a 
plagioclase that is nearly pure albite. To separate these two 
facies, the procedure adopted in the first edition of this book 
was to divide the soda-granite field by a boundary correspond¬ 
ing to the composition Or,An (Ist edition, Fig. 26). This gives 
two nearly equal fields which were called the albite-granite field 
and the granodiorite field respectively. The latter takes in 
most of the well-described examines of granodiorite, but the 
so-called albite-granite field is too broad to agree with the usual 
idea of an albit^granite. It may be better to confine the name 
albite-granite to rocks in which the plagioclase is literally albite 
(Ab to Abf An,), that is^ to a narrow strip along the Or-Ab 
boundary of the field (^ig. 86), and to apf;^y the name grano> 
diorite to all the remainder of the soda-potash field. That is 
the course that will be followed in this volume. 
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Within etch subdivision of grtnite and rhyolite four 
reactiocMypes are possible, as explained in Chapter XIV. If 
“specific" names are to be used in the system, it is at this 
stage that they should be introduced. There would then be 
four species of potash>granite, four of soda-granite, four of 
potash-rhyolite and four of soda-rbyolite, each with its dis¬ 
tinctive name. It is not proposed to take this step, however, 
since it is generally agreed that new names are an abomination 
and the same result can be achieved by means of symbols. 
Thus a peraluminous potash-granite is symbolically XOpa, 
a peralkaline soda-granite is XOk^, and so on. Among the 
tonalites and dacites there will be only three species in each 
sub<^roup, since the characteristic minerals of the peralkaline 
type are not compatible with lime-rich feldspar. 

It is hardly necessary, in naming oversaturated rocks, to 
take the colour index into consideration, for mesotype and 
melanocratic rodts are so uncommon among granites that no 
special recognition has ever been given to them. The use of 
a symbol which includes the colour index will generally be 
sufficient (o characterize any such rocks. 

There remains the question of the proportion of quartz and 
(he boundary between granite and syenite. Aldiough accord¬ 
ing to the accepted definition syenite contains " neither quartz 
nor feld3pa(hoid,"yet in practice the name has constantly been 
appliiil to rocks such as the Plauen ^enite, which holds 6 to 
10 per cent of quartz, and even (in the form quartz-syenite) to 
rocks with Ifi to 90 per cent of quartz. To a chemist it seems 
n>ore Important to know that a solution is acid than to know the 
precise degree of acidity; so until somebody gives a sufficient 
reason why a rock with Ifi per cent of quaru should have a 
different name from one with 96 per cent of quartz, the writer 
will call them both granite. But to avoid a complete break 
with the past he agrees that rocks with no more than ten per 
cent of free silica (as in the Plauen syenite) may be placed in 
syenite rather than in granite. The same boundary will apply 
to tonalite and diorite. The slightly oversaturated rocks will 
therefore be discussed along with the saturated ones in a later 
chapter. They will be distinguished by symbols in which a 
small letter o takes the place of a capital O. 
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C.—Granite anu GRANootoRiTs. xo«, xofi 

Ptraluminous Tyf$. 
This type is chafsaerized by the presence of alumina in 

molecular excess of the sum of potash, soda, and lime. The 
excess goes typically into muscovite, but if enough magnesia 
is available, biotice may partly or wholly take the place of 
white mica, and in exceptional cases a litJiia-mica is produced. 
Other peraluminous minerals are tourmaline, topaz, and cer> 
tain kinds of garnet (almandine, spessartite). 

1 he well known granites of Cornwall are muscovit^biotite 
granites with subordinate tourmaline and topaz. An admir. 
able quantitative examination of the St. Austell granite mass, 
carried out by W. A. Richardson, shows that the average 
composition of all varieties in that area is as follows:_ 

quartz . . 82-6 
ortboclase . . 84-8 
plagiodase . . 19-2 
muscovite . .. 45 ma^etite . . 0-3 
biotite 1 apa'tite . 
litbia-mka |. cordierite . . 0-3 

Colour index . . (18) 
Within this single granite mass, which has an area of 32 

square miles, the cliief constituents show the following fluctua- 
tions 

quartz, from . 20 to 48 white micas, from 0 to 16 
orthoclase, from ... 17 to 52 tourmaline, from ... • 0 to 
piagioclase, from... 9 to 81 topaz, from . . 0 to 7 
dark micas, from... 0 to 16 Colour index . (4 to 22) 

It follows from the hgures given for ortboclase and plagio- 
clase that some part, even of this most typical of granites, is 
soda-granite. The published analyses of Cornish granites are 
about equally divided between potash and soda varieties, but 
a first-class analysis of the Land’s End granite, by W. Pollard, 
shows 34 per cent of normative orthoclase to per cent of 
normative albite. 

A. Brammall and H. F. Harwood have given a very de¬ 
tailed account of tbe granites of Dartmoor, England, and their 
contact phenomena. The quartz content of these granites 
ranges between 20 and 40. The principal feldspar is micro- 
penhite, but some sodic feldspar is always present too. In the 
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calculated feldspar ortbociase typically excee^ albite, so the 
cock as a whole is a potash-granite. Biotiie is the usual dark 
mineral, forming 6 to 10 per cent of the rock, with subordinate 
muscovite and occasionally a little tourmaline or garnet. In 
^bort this is a typical example of the peralutninous type of 
granite, and Brammall and Harwood hare furnished the most 
compieic petrological and chemical description that has ever 

been made of such a rock. 
The composition of the Vermilion batholith, in Minnesota, 

has been studied by F. F. Grout. Nine^enths of this m^, 
which covers an area of more than 3,000 square miles, is a 
simple biotite-graniie with the following average composl- 

Quart! . 26 olifOcUse . ZO 
orthodase . SO biotite . 2 
microcline . 20 accessories . 8 

Colour index . (5) 

Towards the margin this granite develops pl^ioclase end 
hornblende and passes over into syenite, diorite and born- 

blendite. 
A soda-granite that has been very completely investigated 

is the beautiful porphyritic granodiorite of Shap Fell, West- 
modsad, which has insets pink orthodase in a light grey 
noundroass. The composition has been worked out by A. 
Holmes, who Ends that the insets make up one-Efth <rf the 
rock and that the total composition is quarts 24, orthodase 
86-3, oligodase 38-6, biotite 5*8. Making allowance for the 
albite that is held in solid solution in the orthodase, the actual 
composition of the feldspar is Or 24, Ab 34, An 13. 

Peraluminous varieties preponderate among the granites 
of New England, which range from moderately pocassic to 
strongly sodic. M. Billings has made a quantiutive study of 
the granites of New Hampshire, from which we take the follow¬ 
ing examples 

Ximsmsm 
OwPt Htad gr»Mih. MUtktm fntftt. pitrti-mtHMmUf. 

quart! . 90 29 
potash-feldspar . 49 19 19 
oligoclase-indesine-.. 10 81 25 
muscovite . 2 S 6 
biotite . 7 17 19 
accessories . 2 •a. 

Colour index . . (ID (90) (27) 
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F. Chayes has given the following modal analysis of 21 
thin sections of the Barre, Vermont, granite: 

. quarU . 27-J muscovite .. 8-S 
microcline. 19* biotite . 8-1 
plagioclasc . 869 test . 1*3 

Colour index .. (18) 
J. A. Shimer has given 16 modal analyses of granites from 

Maine, New Hampshire, Massachusetts, Vermont, and Con* 
necticut. The average composition of the feldspar in- these 
granites is orthoclase 27-4 per cent, plagioclase (oligoclase* 
andesine) 27-8 per cent. 

Mttaluminous Type. 

Granites and rhyolites of this type contain one or other of 
the following minerM associations: biotite tt^ether with horn¬ 
blende, augite (or primary epidote); hornblende together with 
augite (or epidote); hornblende alone (or epidote alone). 
Fayalite is occasionally pre.scnt in small quantity, and in s 
so^'granite at Wausau, Wisconsin, it amounts to about 6 per 
cent (S. Weidmann). The metaluminous type is much rarer 
among the potash* then among the soda-granites. An im¬ 
portant example is the red granite of the Transvaal. F. A. 
Wagner gives the following mineralogical analysis of this 
rode: — 

. 88-3 0-8 

. 80-1 0-75 

. 25-6 0-8 
0-4 

Colour index . (S) 

The central granites of the Vo^;es Mts. is also a metaluminous 
potash-granite; it has been studied by Friedlaender and 
Niggli, who give the following mode 

quartz . 24-8 biotite .   17-0 
orthoclase . 81-5 hornblende . 6-2 
albite-oligoclase ........ 19-1 accessory . 1-9 

Colour index .. (28) 

The gray granite of Ontario contains orthoclase, albite, 
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and oligoclase in roughly equal amounis, with biotite, green 
hornblende, and frequently ortho or clinopyroxene aa well 
(Adams and Barlow). The red granite of the same ares carries 
a smaller proportion of dark minerals. An analysis of the red 
granite of Methuen township affords the following approximate 
estimation of the mineralogtcal composition : quartz 28, ortho 
clase 18, albite 42, anorthite 5, biotite, hornblende and ore 
(together) 7 per cent. 

The most characteristic examples of granedioritt are met* 
aluminous. The rock of the Boulder batholith, at Butte, 
Montana, is typical; it has been described by (1) M'.H. Weed 
and (2) J. P. Iddings, and the two descriptions clearly refer to 
slightly different facies. 

(S) 
quart! . ... 2S7 22-5 
orthodase . ... 199 178 
albite . ... 23-0 2S5 
anorthite .. ... ns 17-0 
biotite . ... 4-2 9^6 
hornblende . ... I$8 44 
diopside ... ... — 38 
ore . ... 12 <►7 
sphene and apatite .. ... 1-8 (hi 

Coleur ind« . . (22) (1«) 

Suboiumtttour Tyfe. 

Subalumiitous granite is very uncommon, for although 
enstatite or diopside is often present, as in the gray granite of 
Ontario, it is nearly always accompanied by hornblende and 
biotite. 

The pre-Cambrian batholiths of Blue Ridge, Virginia, are 
composed of hypersthene-granite (which has bwn calM syenite 
in spite of the presence of 18 to 80 per cent of quartz). The 
feldspar is orthodase and andesine. Hypersthene is the prin* 
cipaJ mclane, but there is some clinopyroxene and sometimes 
hornblende loo (Watson and Cline). 

Hypersthene-granite is the acid member of the "char- 
nockite series" of Madras. This rock is mainly composed of 
quaru and microclioe, with a little plagioclase and only 8 per 
cent of hypersthene (H. S. Washington, 1). F. D. Adams 
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has studied the same series of rocks in Ceylon and gives the 
following modes 

quartt . 
orthodase . 
albite . 
anorthite . 
diopside . 
bypersthenc . 
ore, apatite . 

Cobwr index... 

287 
300 200 
20^4 236 
11 1 M 7 
8-7 1 
6-81 7-5 

1-8 84 
(U) (16) 

The subaluminous type is not uncommon among (fyke- 
granites. The description, by A. Harker, of the granophyre 
of Carrock Fell, Cumberland, is applicable to many rocks of 
this kind. The approximate composition of the rode is as 
follows:—quarts 21, orthoclase 21, albite 4d, anorthite 8-7, 
pyroxene 8-6 per cent. The groundmass of the rock shows 
every stage of gradation from a coarse and irregular peg¬ 
matite to spherulitic intergrowths of a delicacy surpassing the 
resolving power of the microscope.” Harker observes that 
granophyres (dyke-granites with graphic texture) generally 
carry pyroxene, and that in Carnarvonshire the typical grano- 
phyres have augite without biotite; the coarser granophyres 
and porphyries hold both augite and biotite; and the granites 
have biotite alone. 

PeraikaiiAa Typt. 

Granites of this type hold soda and potash in molecular 
excess over the available alumina; whenever this happens the 
potash seems to exercise the stronger claim to combine with 
alumina, and it is always soda that is left in excess and com¬ 
pelled to enter soda-iron pyroxene, soda-iron amphibole, or 
uncommon titanosilicates and zirconsilfcates such as astro- 
phyllite, eudialyte and aenigmatite. The commonest of these 
soda minerals is aegirine. Riebeckite and arfvedsonite are 
sometimes primary minerals, but In other instances they have 
been formed by the transformation of the original asgirine. In 
certain granites of Finland and Scandinavia, sgirlne is said to 
have bMn introduced by solutions escaping from adjacent 
soda-rich magma. 
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Among llie most characteristic rocks of this type are the 
riebeckste^irine granites of Quincy. Massachusetts, which 
have been described by C. H. Warren. A typical example of 
the Quincy granite ga{^ quartz 83, sodipotassic feldspar 6S, 
and segirine and ricbeckite 10 per cent, with small quantities 
of apatite, zircon and astrophyllite. A darker variety from 
Copper Mine Hill yielded 7 per cent of aegirine and 8-5 per 
cent of riebeckite. The Quincy granite is cut by a younger 
mesotype granite (the Squam River granite) which contains 40 
per cent of soda>hornbIende (catophorite) and brown biotite, 
along with- 35 per cent of sodipotassic feldspar and 96 per cent 
of quartz (C. H. Clapp). So many beautiful varieties of peraU 
kaUoe granite occur in Massachusetts that this region, rather 
than the Christiania district, deserves to be the type locality 
for such rocks. 

The “ekerite’' of W. C. Brdgger is an arfvedsonite- 
aeglrtna granite, and his “ grorudite is an tegirin^micro* 
granite which forms many dykes in the Christiania district of 
Norway. The composition of a typical example is as 
follows:—quartz 28, soda-potash feldspar 63, «girine and 
arfvedsonite 92 per cent. Similar rocks have now been recog¬ 
nized ID many parts of the world. When instead of tegirine, 
riebeckite is dewloped, the names " paisanite” and “daha- 
mite " have been us^ instead of grorudite: but to many names 
are itot required for rocks which are all of one chemical type. 

The name *'rockallite" was given by J. W. Judd to a 
mesotype soda-granite with 48 per cent of aegirine, ^ per cent 
of soda-potash feldspar, and 80 per cent of quartz. This 
curious rock wa.s thought to form the entire Islet of Rockall, in 
the North Atlantic, but Lacroix has shown that rockallite only 
constitutes occasional dark patches (segregations) within a 
more leucrocratic aegirine granite of which the islet is entirely 
composed. 

The riebeckite-granites of Nigeria have been described by 
A. D. N. Bain. The main variety has the simple composi¬ 
tion quartz 87'6, soda-rich microperthite 57-9. riebeckite 
4-9. Other varieties contain in addition to fieb«kite some 
proportion of iron-rich biotite, thought to have been formed at 
the expense of rid)eckite: and stilt others contain fayallte. 
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D.—Rhyoutc, DOa, DO/9 

Most oversaturated lavas, and many of the dyke rocks, 
are very ill<rystallized. A few insets of quartz and feldspar 
may be present and these are easily identified, but the bulk of 
these rocks is cryptocrystalline to glassy. Purely qualitative 
methods of petrography can do little to resolve such rocks as 
these, and so far as mineralogical names have been given to 
them they have been based on the insets alone, with the 
assumption that the glassy or cryptocrystalline base of the 
rock, which possibly constitutes ninety per cent of the whole, 
has the same composition as the insets. This assumption is 
quite unjustified and may be seriously wrong. 

Many petrographers believe that no systematic classifica* 
tion of cryptocrystalline and glassy rocks is possible without 
chemical analysis. Nevertheless, it is quite possible to deter¬ 
mine the " potential mineralogical character of a glassy rock 
without analyzing it, if the specific gravity and tRe refractive 
index of the glass can be a.'icertained. It has been shown by 
C. E. Tilley and W. O. George that the refractive index <rf 
the rhyolite glasses lies between 1-48 and 1-51. and the density 
of the commoner varieties between 81 and 2-4. The peraU 
kaltne type, which hold.s heavy soda-iron silicates, may be 2-6 
or even over. Simple qualitative tests will quickly show 
whether .soda or potash predominates in the glass, and with 
this information it will often be possible to classify the rock. 
It is useful to know that the great majority of glassy rocks are 
oversaturated, about three-fifths of them being soda-rhyolites, 
one-fifth potash rhyolites, and one-fifth dacites. 

Feraltimtnotu Typ« 
Few rhyolites have been adequately described from tbe 

viewpoint of quantitative mineralogy. Hungary is the classic 
region for such rocks in Europe, and A. Vendl has made a 
study of the rhyolites of that region. They are hypo- 
crystalline to glassy rocks, and they range in composition from 
highly potassic to moderately sodic. Many of them show 
little insets of biotite and the majority are at least potentially 
paraluminous as one may judge from the following norms. 
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FHuh-rhftHU- 

quartz . 22-5 
orthocUae . 57-8 
■Ibite .  5'2 
■norlhite . 
corundom ......... 8-1 
bypersthene . M 
iron oce» . 5-4 

Std^hy*Vu. 

444 
18-9 
262 

5-6 
2'S 

29 

339 
22-2 
24 1 
12-0 
IS 
M 
2-4 

Both potash- and soda-rhyolites have been dc^tbed in 
the Creede district of Colorado, by Emmons and l-*fscn. 
They are porphyrltic rocks with Insets of orthoclase, sod^nch 
plagioclase, and biotite in a cryptocrysulline groundmaM 
composed of quartt and orthoclase. The calculated composi¬ 
tion of the Willow Creek rhyolite is quartz 35, orthoclase M, 
albiie 6, biotite 6 to 7. Some of these lavas contain tridymile 

in place of quartz. - , j 
The composition of a rhyolite from the Marquesas Islands 

has been furnished by T. Barth; this has a special interest on 
account of the rarity of oversaturated rocks in the Pacific basin. 
The rock is largely made up of spherulites of feld.sp«r and 
quartz, with 14 per cent of siliceous glass in which 
occasional scales of biotite and tiny grain.s of a mineral which 
is thought to be corundum. The norm shows quartz 24, 
orthoclase 25, albite 87-5, corundum 6-fi, so the rock is a 
peraluminous soda-rhyolite. ~ 

CarnetJjearing rhyolites have been described at Chalk 
Mt., Odofido (W. Cross); at Bay View, Maryland jfP. 
TUscom): and at Coburn Mt., Maine (E. S. C. Smith). ^ The 
latter rock holds pink garnets up to 4 mm. in diameter in an 
eitteedingly fine-grained groundmass of quartz, orthoclaw 
and accessory minerals. An occurrence of garnet within 
vesicles in rhyolite at Ely. Nevada, has been described by 

A. Pabst. 

Matalumtnoiu Type 
Beautiful examples of metalumfnous soda-rHyolite (rhyo* 

dacite) are described bv H. H. Robinson in the San Francisco 
district of Arizona. All degrees of crystallinity are represented 
among these lavas, but in mo? cases a cryptocrystalline to 
glassy base makes up about three-quarters of the rock. The 
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insets are generally of plagioclase, with some of augite or 
hornblende and rarely a few of quartz. It is interesting to- 
oompare the actual mineral composition of each rock with its 
** potential ” composition as calculated from chemical analysis; 
the comparison shows how misleading it is to name a hypo> 
crystalline rock by the crystalline phases only. 

KtndHth 
Mm. Mm. 

^plagioctaae ... 183 lS-7 18-6 
biotite . 1 9.R 

Actual hornblende .... 
[25 

8-1 
development pyroxene ....... . 13 1 i — 

ore . 08 17 1-9 
groundmiM ... 778 76-6 71-8 

quartz . 246 200 220 
orthoclase .... 206 18-9 14-S 
albite . 87-2 878 390 

Potential anorthite . 78 11 4 100 
compoaition i biotite . 2-0 25 — 

if fully hornblende ... 1^ 28 8-0 
hypersthene .,. 1-8 17 0-9 cryitallizcd | 
ore . 8-7 37 19 
apatite . 03 0-8 0-8 

Colour index (8) (11) 0») 

Among the rhyolites of Hungary Utere are few that cotw 

tain actual crystals of hornblende or augite, but some of the 
cryptocrystalline varieties are potentially metaluminous, 
corundum being subordinate to hypersthene in the norm, as in 
the following instance (A. Vendl) 

. . . 29-S 

ortbodase . . 29^6 hypersthene ...... 
albite ... . 288 magnetite ......... . 0-7 

. 7-5 ilmenite . 

An obsidian from Iceland, which was minutely studied by 
F. E. Wright and analysed by J. B. Ferguson, has the com¬ 
position of a metaluminous rhyodacite. No minerals at all 
have developed in the rode except a little fayalite and tridymite 
in shrinkage cavities, but the norm is as follows:—quartz 40, 
orthoclase 17, albite 37, anorthite 9, corundum Od, hypersthene 
4-3 per cent. There is too little corundum to convert all the 
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magnesia into biotJte, so if tbe rock had crystallized completely 
it is likely that an aluminous borobleodc would have been 
formed. 

5u6aiuminotu; Tyf$ 

Subalumioous rhyolites are well represented in the Lipari 
Islands, and have been described by H. S. Washington (3). 
An example from Monte Guardia is a very fine-grained, ash- 
gray rock with small insets of pyroxene. The groundmass is 
microcrystallioe, and is compc^^ of minute laths of ortho 
clase, prisms of pyroxene, grains of magnetite, and interstitial 
quartz. According to Washington's analysis the proportions 
of these minerals must be nearly as followsquartz dU, ortho- 
dase 39, albiie 34, anorthite 4, pyroxene 10, accessories 3; 
colour-index 18. Other rhyolites of Lipari are completely 
glassy, but they may be recognized as potentially subaiumin- 
ous types by the appearance of diopside and bypersthene in 
the norm, corundum being absent. 

The “toscanites" of Tuscany, Italy, are mostly sut^ 
aluminous rhyolites. These lavas have insets of ortliodose and 
labradorite, with augite, hypersihene, and some biotite, set in 
a glassy groundmass. Tbe calculated composition of a rock 
from Monte Aroiata isquartz IS, oithodase 36, albite 26, 
anorthite 10, pyroxene IS, magnetite 1 pef cent; colour-index 
13 (H. S. Wi^ington, 3). 

The rhyolites of the Yellowstone Park are mostly sub- 
aluminous. They have been minutely described by j. P. 
(ddings. The insets are of quartz, orthoclase, plagiodase, 
and pale green augite or occasionally a little ortho-pyroxene. 
The groundmass varies from an almost structureless glass to 
globulitic and spherulitic types, and to cryptocrystalline and 
micfocrystalline. It is mainly composed of orihoclase and 
quartz or tridymite. 

PereUmline Tyft 

As a general name for the pcralkaline rhyolites, “pan- 
tellerite ” may be used. The name was given by Fdrstner to 
lavas of Pantelleria, near Sicily, which have mgirinc and 
•nigraatite as their characteristic dark minerals. The 



THk OVKKSArUKATKD HOCKS 8U 

“ cocncndite " of Sardinia is a similar rock in which a soda> 
ampliibole takes the place ol segirine. 'rhese lavas show ait 
the usual varieties o£ texture, but either xgirine or soda-amphi> 
bole may appear among the insets. I'he proportions ol the 
essential minerals in some of the lavas ot Pantelleria are stated 
as follows, by H. S. Washington (4):— 

(t) (>) 
quaru . IS IS M 2S ao 
•oda-fflicrocliae . 70 63 63 45 61 
soda*pyroxene . 9 12 14 17 7 
•niftnatite . 6 10 8 10 12 
magnetite . 2 — _ ^ — 

Colour index . (17) (22) (17) (27) (19) 

In nos. 4 and 5, tlie feldspar bolds more orthoclase tiian 
albite. 

Completely glassy lavas of this type may be recognized 
by the appearance of acmiie or sodium metasUicate in the 
norm. I'ur example, an obsidian from Yucatan, which was 
described and analyzed by H. S. Washington (6), gives the 
following norm:— 

. 35 .. 2-7 
. 3-1 

albite . bypersthene . . 02 
aaorihiie . . 66 ilmcoite . . 01 

Had this msgma crystallized, it must have given as its chief 
dark mineral a pyroxene intermediate between acmite and 
diopside, or more likely an amphibole of the corresponding 
composition. (Washington has observed thst rocks which 
contain soda-amphiboles commonly have sodium metasilicate 
in the norm, while those with soda>pyroxene rarely show sodium 
metasilicate, and then only in small quantity.) 

R. A. Daly describes " quartz^rachytes” of Ascension 
Island which are actually soda«rhyolites, bolding SS-25 per 
cent of normative quartz. A dark green obsidian which shows 
only minute needles of soda-diopside and some small insets of 
soda^rthoclase proves to have the following composition 
quartz 21, orthodase 28, albite 44, soda-diopside 12 per cent. 
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H.—ToNAtm. xOf, xoS 
This divisioQ includes sU oversstursted rocks io which 

ibe anorthiie molecule exceeds (he onhoclase molecule. The 
name tonalite was originally given to a hornbiencte^ioiiie rock 
occurring at Tonale, in the Southern Alps, but its signilicance 
1ms gradually become broadened, and we shall use it to em* 
brace all eucrystalline rocks which satisly the dehnition given 
above, regardless ol the nature of the dark minerals. I'he cor¬ 
responding lavas are the dadtes, which take their name from 
the province of Dacia in Transylvania, in the loop of the 
Carpathian Mountains. 

As a whole, the tonalites and dadtes are appreciably less 
acid than the granites and rhyolites, although some tonalites 
have been described which bold over forty per cent of quaru. 
They ere also rather richer in dark minerals; and extremely 
leucocratic facies, such as frequently occur among granites, are 
unusual in this group. Mesotype and melanocratic facies are 
known, but like the corresponding facies of granite, they are 
probably due to contamination of the magma by reaction with 
sediment. The dividing line between tonalite (with dacite) and 
diorite (with andesine) we shall draw, as before, at 10 per cent 
of quarts, for the reason that the ntaiority of rocks that have 
been described as diorite actually hold a little quaru. 

By the application of the albite: arK>rthite ratio, we 
strata the soda4onalites and soda-dacites from the lime* 
tonalites and lime-dacites. 'The latter type, in which anorihite 
exceeds albite, is scantily represented, tlM majority of tonalites 
and dacites being rich in st^. Peraluminous, metaluminous 
and subaluminous types all occur among tonalites and dacites, 
but the peralkeline type is unrepresented, because soda- 
pyroxenes and soda-am^iboles are incompatible with much 
anorthite. 

Peraluminous Type 

Tonalite is a characteristic rock of the Alpine chain. The 
rocks of the Adamello Alps range from soda-granite to tonalite; 
so do those of the Rieserferner stock in the eastern Tyrol. The 
Briiimer massif in Austria and the “granites" of the Car- 
pethians include typical tonalites. The composition of the 
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(vnalite of the Brilnner massif, according to F. Seltner, and of 
two Carpathian tonalites described by P. Radzissewsky, are as 
follows 

quartz . 35 24 28 
orthoclase . 27 4-6 8-7 
^agtoclase . 56 

7.4 
45 
24 

46 
18 

ore . 0-2 
zircon, apatite, etc. 0-8 24 0-4 

Colour index ... (8) (26) (18) 

Theperatuminous type of tonalite is also represented 
among the " granite-diorites" of Becker and Lindgren in 
Idaho; and F. L. Ransomers account of the Madera quartz- 
diorice, in the Globe district of Arizona, shows that this, too, 
is a true tonalite. 

CUht. 
quartz . 250 26-9 
orthoclase . 11-2 6-4 
ailute . 30-2 232 
anorthlte .. 189 204 
biotite . 160 177 
muscovite . — 1-0 
ore . 0-6 28 
sphene, apatite, etc. 2-1 14 

Colour index . (19) (23) 

Metaluminoar Type 

This is the commonest type of tonalite, just as It is Die 
commonest type of soda-granite. It is well illustrated by the 
Marysville batholith, Montana, described by J. Barrell. Bo- 
side the latter we place two analyses of tonalites from the Hay* 
stark stock, in the same state; these are due to W. H. Emmons. 

Mtry$mlU. N0y$t0f». 
quart* . 222 21-8 l4l 
orthodaae . 15-fl 117 97 
albite . 26 3 30-1 81-2 
anortbite . 212 151 208 
biotite . 7*2 4-8 6-7 
bomblende .. 6-5 — — 
pyroxene . — 11-2 18-5 
ore . 1-7 49 49 
apatite, etc. . 0-8 0-4 1-1 

Colour index . (16) (21) (26) 
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R. A. Daly describes g:reat intrusions of tonalite in British 
Columbia. Tlw examples quoted below refer to the Osoyoos 
batholith (1), the Remmel batholiih (SI), the Chilliwack batho 
lith (3), and (he Trail batholith (4). 

quartz . 
0) 

.. 87-0 
(81 

27-0 
(S) 

18^1 
W 

2S-9 
orthoelaae . 7-5 72 20 1P2 
plagtodtte (Ab>An) .... .. 381 507 $5-7 28-1 
bietite . .. 10^8 5-7 108 134 
hornblende . .. 8^1 48 11 1 12-8 
epidote . 8^ — — — 
•phene . 0-8 0^ — P2 
ore .. — 38 1-8 06 
apatite, zircon . 0'2 0-7 PS 08 

Colour index . ... (S2) (16) (28) (27) 

Melanocratic types containine 40 to 60 per cent of horn¬ 
blende occur in the Purcell Mts. (Daly). 

A quantitative study of the average mineral composition 
of the rocks of the Coast Rangfe in South-Eastern Alaska has 
been made by P. E. 

result 

and C. W. Wright, with the following 

quartz . .. 104 apatite . . 06 
6-6 . 09 

tndesine (Ab(,An^) .. 474 pyrite . 
hornblende . 7-6 sphenc . . 1-8 
biotite . .. 11-6 decomposition products 4-6 

It is clear from these fijifures that the average rock of the 
Coast Range is considerably more calcic than granite, and the 
bulk of it probably belongs to tonalite. 

E. 5. Larsen has described the rocks of the batholith of 
Southern and Lower California, which is composed to the 
extent of 60 per cent, of tonalite. The modes two of the 
most abundant varieties of this tonalite are given below (weight 
percent). 

quartz . 
Gfffw VmUfr 

. 19 to SO 
ftmiMlI 

18 
potash feld.spar . . 1 — 20 ... 
pUfioclase . . 40 60 50 
biotite . 8 10 18 
hornblende .. . 8—15 18 
rest . . 1 1 

Colour index . . (8MM) (.19) 
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Stt&a/utntnotu Type 
Pew examples of subaluminous tonalite have been traced 

in petr^raphical literature; no doubt they are rare, just as sub> 
aluminous granites are. On the other hand, subaluminous 
dacites may be expeaed to occur very frequently, but it is hard 
to detect them in the literature, since they have generally been 
called " andesite ” and very few andesites have been described 
in quantitative mineralogical terms. 

The " hypcrsthene-quartz-diorite” of the Shevaroy Hills 
in Madras, one of the intermediate members of T. H. Holland’s 
'*charnockite series" is a subaluminous tonalite. The mode 
of this rock has been determined by H. S. Washington (1): it* 
is quartz 15-6, feldspar (mainly andesine) 66’6. hypersthene 
23'6, ore 6-4 per cent. (Colour index 29.) 

The rock named "enderbite" by C. E. Tilley (9) from 
Enderby Land, Antarctica, falls in this group with the follow* 
ing modequartz 42-6, antiperthite 63, hypersthene 8, mag¬ 
netite 1. 

F.—Dacttb. doy, Doi 

No description of a ^eraluminour dacite has been traced 
in the literature. Many rocks have been described under the 
name of mica-dacite, but they all fall into rhyolite in our 
system. 

Metaluminovs Type 

Dacites of the metaluminous type have been described in 
considerable number in eastern Australia. H. I. Jensen and 
H. C. Richards have described such rocks in the Glass House 
Mountains and elsewhere in Queensland. The Glass House 
dacite is microcrystalline, with insets of plagioclase and quartz 
in a groundmass which contains augite, a little hornblende, 
and magnetite. Jensen's analysis indicates the following com¬ 
position quartz 17, orthoclase 17, alhite 80. anorthite 20, 
melanes 16. Examples of hypersthene-biotite dacite have been 
studied by A. B. Edwards in Victoria. Quartz, plagioclase, 
biotite and hypersthene all appear among the insets, and the 
groundmass is chiefly quartz and orthoclase. 
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A horoblende-dadte was described ^)y J. S. Diller, at Mt. 
Shasu, California. It is a. light rock with a few insets of 
hornblemfe. The groundmass is sometimes holocrystalline, 
but more often it holds some brown glass; it is compowd of 
plagiodase with some hornblende and some little grains of 
hypersthene and magnetite. The mode is not stated quantita¬ 
tively, but the norm indicates the following composition 
quartt 90, orthoclase 7, albite 87. anorthite 26. melanes 10. 

Stthehitrvtnour Typa 

The “andesite** of Hakone volcano, Japan, is siliceous 
* enough to be called dacile. The following mode is one of 

those supplied by H. Kuno. 

/ plagiodaie (Ang,). 18-5 weight % 
Insets ] augite and hypersthene 2 4 

I magnetite . I‘4 

quartz ...................... ll'd 
tridymlta . 
anortboclase . 16*6 

Croundmasa plagiodase (Aa,|} . 31 *2 
pigeonite . 12-8 
accesaory .  8-8 

Colour index (20) 

Dacites accompanied the eruption of Souffri6re, St. 
Vincent, in 1902. According to J. S. Flett, these lavas have 
insets of zoned plagiodase, augite and hypersthene, in a 
groundmass of feldspar, quartz, tridymite, hypersthene and 
glass. Analyses of the lavas and their ashes show from 10 to 
16 per cent of quartz, with anorthite in large excess over ortho- 
ctase. 

J. S. Diller has described as '*hypersthene andesite*’ a 
lava on the west slope of Mount Shasta, California, which 
appears to be a lime-^ite. It is a light gray, compact rock, 
with a few insets of hypersthene. The mineralogical composi¬ 
tion is not stated quantitatively, but the norm shows 16 per 
cent of quartz, 8 of orthodase, 96 of albite, 39 of anorthite, and 
U of dark minerals. 

Some remarkable rocks of basaltic appearance, from the 
pirth of Clyde, Scotland, have been described by G. W. 
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Tyrrell under ihe name of *'cumbraite.” One of these rocks 
exhibited 58 per cent of crystals in a glassy base, this propor¬ 
tion being made up of anorthite 7, labradorite 81, enstatite and 
augite dO per cent. The composition of the glass that forms 
the remaining 42 per cent of the rock is such that if it had 
crystallized it must have formed quartz (about 86 per cent), 
orthoclase (about 85 per cent), and albite (about 80 per cent). 
Combining these figures with those given first, it appears that 
if the cumbraite had crystallized completely it would have had 
nearly the following compositionquartz 14'7, orthoclase 
14-7, albite 28-6, anorthite 21-8, pyroxene 20, with a trace of 
magnetite. The rock consequently falls into soda-dacite. 

Another rock whose appearance belies its composition is 
the “ weisclbergite” of Oberkirchen, Germany. This is a 
more than half glassy rock with a few insets of plagioclase and 
some microscopic prisms of augite and bronzite. Rosenbusch 
described it as auglte-porphyrite: Zirkel considered it a glassy 
type of diabase. The potential composition has been worked 
our by E. Trf^r, who finds it to be quartz 90, orthoclase 6, 
oligoclase 64. augite and bronzite 18, acressory 4: thus the rock 

is a soda-dacite. 
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CHAPTER XXI 

THE SATURATED (AND SLIGHTLY OVER¬ 
SATURATED) ROCKS. 

(DESCRIPTION) 

KEY TO THE CONTENTS OF THIS CHAPTER 
A. —MiMrttofT of tht Mtarotod raeJoi. f. a» 
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XS>L, XSH., *. 408 
DSyl^ DSfL a. 408 
XStM, XSM 4. 400 
DSvkC, DSfU 4. 414 
XSH f. 417 

A.—The Mineralogy of the Saturated Rocks 
The mineraJs of the saturated rocks are the same that occur in 
the oversaturated class, with the exception that quartz and 
tridymite are typically absent. Alongf with the excess of silica, 
muscovite, Itthia-mica, tourmaline and topaz virtually dis¬ 
appear too. Alkali'^eldspars are no longer dominant, and pure 
potash-feldspar is quite scarce, anorthoclase and microperthite 
taking its place. But the plagioclase series occurs in its entire 
range from practically pure albite to practically pure anorthite. 
Some analyses of rocks containing plagiodase show a 
deficiency of silica, or an excess of sodium aluminate, which 
suggests the existence of the molecule Na,Al,SiiOt or soda- 
anorthite as a constituent of plagioclase; but this assumption 
still awaits proof (see Chapter II, p. 17). 

The dark minerals of the saturated rocks include biotite 
and all the chief varieties of amphibole and pyroxene. Among 
the amphiboles the green ferrous hornblende is commonest in 
the more siliceous rocks; the brown ferric variety, into which 
the green hornblende transforms at high temperature, is found 
especially in rocks of low silica content. The soda-amphi- 
boles are confined to the syenites and trachytes and are 
remarkable for their very late crystallization. Although the 
hornblende in the more siliceous rocks is apparently primary, 
that in many of the more melanic rocks has been formed by 

am 
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the tf»nsfonnation of earlier pyroxene crystals. The .<»(^allcd 
••uralitc” is a pseudomorphic amphibole which retains the 
external form of the pyroxene crysuls it has replaced. Some- 
dmes the pyroxene crystals have mantles of hornblende around 
them i in other cases relics of pyroxene form the cores of large 
hornblende crystals; and it sometimes happens that the ophitic 
texture or the dialla^c structure of augite has been preserved, 
although the material has gone over entirely mto amphibole. 

Pyroxene occurs in many varieties. Ortho-pyroxene 
(enstatite to hypersthene) has a great development in the 
norites and pyroxenites, and clintKpyroxcne (augite or diallage) 
in the gabbros, diabases and basalts. The intermediate type, 
ennaiite-augite or pigeonitc, has perhaps a wider distribution 
than any of them; it appears to be the cornmonest pyroxene in 
andesites, basalts and diabases. The lime-iron pyroxenes, 
dlopeidc and hedenbergite, occur in syenites and trachytes; so 

do soda-diopside and cgirine. 
/Bnigmatite and fayalite are scarce constituents of the 

more siliceous lavas, and a large number of uncommon species 
containing rare earths have been found in syenites and syenite- 
pegmatites. Sphene is porUoilarly common in rocks oonuin- 
Uig hornblende. Of minerals other than silicates, magnetite 
and hmenite are the most important, and apatite is a common 
accessory constituent. Sulphides of iron, copper and nlckd, 
such as bomiie, chalcopyrite, pentlanditc and pyrrhotite, are 
sometimes present in the more mclanic rocks, and in some 

they must be regarded as original constituents. 

B.—CussiFicATiON *yD Nombnclaturb o? the Saturated 

Rocks. 

The subdivision of this class is oomplicaied by the abund¬ 
ance of melanic and even hypermelanic rocks, many of which 
have received distinctive names. The colour index must there¬ 
fore find a place in the system. 

We begin, as before, by separating the rocks In which 
Or>An from those with An>Or. There is no difficulty about 
naming the orthoclasc division; it contains the syenites and 
trachytes, and we subdivide them according to the Or: Ab 
ratio into potash and soda varieties. The shonkinites or 



THE SATURATED R0CK5 Ml 

melanic syenites form a parallel series with colour index greater 
than 30. There are no lavas of this composition. 

It is customary to recognize an intermediate group of 
rocks between syenite and diorite, to which the name men* 
som'fe is given. F. Becke states that the ratio of Or: Ab: An 
in typical monzonite is about 36: 45: SO, and that the dark and 
light constituents are approximately equal in quantity. The 
typical monzonite is therefore a mesotype rock, but W. C. 
Brdgger (1) described Icucrocratic rocks of similar mineralogical 
character in Norway, giving them the name akerit*. l.astly, 
there is a group of syenites containing feldspar that is rich in 
soda and virtually free from anorthite. These may be called 
albite-syenite, but the specific name vmpukiu is commonly 
used for such rocks. 

Saturated rocks in which An>Or have many names, 
especially diorite, anorthosite, gabbro, norite, gabbrodiorite 
and diabase, with andesite and basalt for the extrusive forms. 
All anorthosite and most diorite and andesite are leucocracic, 
but the vast majority of gabbros, norites, diabases snd basalts 
have a colour index between 36 and 00. Here is a suitable 
basis for subdivision, and the Ab: An ratio provides another. 
The four groups of rocks so defined may be called soda>diorite 
and lime-dioritc, soda-gabbro and lime-gabbro. These are 
group names, not specific names. 

Finally, all rocks in which the proportion of feldspar falls 
below 10 per cent are brought together under the group name 
of perknite. 

The complete scheme appears below. 

EucavtTALUHB Rocks 

Ltucocratic iittotyp4‘M»lonocrctie 

_ (Or>Ab Potash^yenite Sbonkinite 
w>An I ^b>Or Soda-syenite Monzonite 

umptekite 
ak^ta 

^ /Ab>An Soda-diorite Soda-gabbro 
\ An>^Ab Lime-dloflte Lime-gabbro 

Hypgrmglanic 
Perknite 
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DtscftmAi-UNt Rocks 

£«vcocrSttc Utsotypg-Mtianocratie 

/% . /Or>Ab Potsab-trscbyte (None known) 
'^^^'’tAb>Or Sods*trad)yte (None known) 

(a) albite*trachyte 
(b) tracbyandetite 

. /Ab>An Soda-andetite Soda-basalt 
^ lAn>Ab Lime-andcaite Lime-basalt 

Hy^aiwtaldRK 
(None known) 

In the absence of a mineralogical analysis of a saturated 
rock, the norm calculated from the chemical analysis is not 
always a reliable g^uide to the Or*Ab-An ratio, for a certain 
quantity of lime and alumina that belongs to ocher minerals is 
diverted to anorthite in the calculation; hence ibe normative 
anorthitc may la^;ely exceed the amount actually present in 
the rock. Thus a shonkinite from Celebes, which was described 
by Iddings and Morley, is composed of augite and biotite with 
subordinate orthoclase, yet the norm shows 18 per cent of 
anorthite. 

All four reaction-types are represented among the syenites 
and trachytes, but the peralkaline type does not appear in the 
pUgioclase division. With increasing lime content the pera- 
luminous type becomes uncommon. 

C —Sykniti. 3fs«L, xsfix. 

Perabtminous Typ« 

The syenites of Durbacb and Meissen, Germany, are 
always quoted as examples of mica*syenite. The Durbach 
syenite is a marginal facies of the Black Forest granite; in part 
it is a pure mica-syenite, but the biocite is very often accom¬ 
panied by hornblende. Quarts is generally present, and no 
doubt a good deal of rock that would be tetter described as 
subacid granite has been included under the name of syenite. 
The biotite-sycnite of Meissen, Saxony, is also quartz-b^ing. 
and it is doubtful whether there is any true mica syenite in the 
area at all. 

Syenitic facies occur among the granites of Ontario. 
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Adams and Barlow describe a soda-syeaiie chat consists of red 
microperthite with three or four per cent, of biotite, and a little 
muscovite, calcice, and apatite. Another soda-syenite, from 
Craigmont, has about B6 per cent of feldspar, 18 of titanomag- 
netite, and a little biotite. A red syenite at Monmouth has the 
following composition :—quartz 4-2, microperthite 84-6, inus* 
oovite 4'8, biotite 8-9, rest 2-8; colour index 9. 

Potash-syenites are much less common than soda-syenites. 
A. Lacroix (2) describes a highly potassic syenite-aplite in 
Madagascar, consisting of microcline and albite, with mus¬ 
covite, biotite, and a very little quartz. The calculated norm 
shows 63 per cent, of Or, 18 of Ab, and 6 of An. 

Mtialuminous J'ypt 
The hornblende syenite of the Plauenscher Grund. 

Dresden, has long been regarded as the typical example of this 
kind of rock; yet a good deal of the rock that passes for syenite, 
and is found in rock collections all over the world, holds 10 
per cent or more of quartz. H. Ebert has assembled 17 deter¬ 
minations, made by nine different investigators, of the composi¬ 
tion of this rock. Quartz is present in every case, ranging 
from 6 to 13 per cent. Potash-fddspar predominates in general, 
but plagioclase sometimes exqjseds it in amount. Hornblende 
is the only dark silicate and varies between 10 and 90 per cent. 

The “ nordmarkitc " of the Christiania district of Norway 
is a very leucocraiic syenite passing into subacid granite. The 
dark minerals are generally brown biotite and green horn¬ 
blende, and a little acid plagioclase is present; but peraJkaline 
rocks have been described under the same name. 

Metaluminous orthosyenites have been described at various 
points in Quebec and Ontario. The syenite of Brome Moun¬ 
tain, Quebec, described by J. A. Dresser (1) bolds 90 per cent 
of snorthoclase along with 10 per cent ^ biotite, pyroxene, 
hornblende, sphene and apatite. The same geologist (2) has 
described the syenite of Shefford Mountain, Quebec, which 
consists of microperthite with very little pale green augite, 
green hornblende and brown biotite, as well as traces of sphene 
and occasionally a few grains of quartz. 
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Beautiful examples of soda^yentte have been described by 
L. V. Firsson (1) in Montana. The syenite of Highwood 
Peak has pale green diopside and brown biotite as its chief 
dark minerals, but some green hornblende has been formed by 
iransformation of diopside, and there is a good deal of white 
mica present which is a bleached form of biotite. The syenite 
of Yogo Peak is very similar to the last, and both arc similar 
to the syenites of Tripyramid Mountain and Belknsp Mountain 
in New Hampshire, which have been described by Firsson and 
Wssbington. 

Y»t* Tri^yramid. Bttknaf. 
quarts . 8-2 6-1 1-0 4-2 
soda.potaih feldspar . 71-2 72 S 86-6 70-6 
biotite . 12-0 — 1-0 7-0 
horabtcAde . ^ 12-9 60 13-4 
diopside . 7-7 5-4 1-0 — 
aooeaaorkt . M 8-1 4$ 4-S 

Colour iodex . (21) (21) (12) (26) 

All the above rocks belong to the Umptek type. The more 
calcic 8oda<syeiMtes of the Aker type take their name from a 
locality in Norway, but the published descriptions of Nor¬ 
wegian akarites are inadequate. A typical akerite (leuoocratic 
monaonite) occurs in the L.eeuwfontein atock, Transvaal. The 
feldspar which makes up about 80 per cent of the rock has cores 
of oligoclasewuidesine surrounded by mantles of anorthoclase t 
and the melanes are brown hornblende, diopside, biotite and 
accessories. (S. J. S., 1.) 

Very similar rocks occur in the Monter^ian Hills of 
Quebec. Tl»e akerite of ShefTord Mountain, described by J. A. 
Dresser (S), carries plagioclase, soda-orthoclase, pyroxene, 
biotite, and brown hornblende. The akerite of Mount 
Yamaska is described as follows by G. A. Young 

quarts .  7-9 
orthodaae . 16-7 
albite . 46-0 
anortbite . 9-2 
biotite . 11-8 

diopiidc . 9-8 
ore . 6-0 
apatite . 2-2 
accessories . 1-4 

Colour index . (21) 

The same type occurs in Tripyramid Mountain, New 
Hampshire (L. V. Pirsson, 2} and at Cuttingsville, Vermont 
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(J. W. Eggleston). Each of these rocks carries about 80 per 
cent of feldspar, consisting partly of soda«orthoclase and pa^y 
of oligoclase or andesine, together with brown hornblende and 
either diopside or biotite, besides the usual accessory minerals. 

Subohiminour Type 

Subalumioous syenites seem to be distinctly uncommon, 
for although diopside is one of the commonest constituents of 
syenites, it is either accompanied by hornblende or mica, which 
t^e the rock into the mctaluminous class, or else it holds 
acmite in solid solution, and the rock is then peralkaline. 

H. von Eckermann gives the mode of a Swedish syenite 
porphyry as follows t-H^uaru 7, orthoclase and albite 88, 
diopside 6, sphene 8, ore 8-6; colour index (9). J. Phemister 
has given the name of "perthosite “ to certain syenites in the 
north-west of Scotland, which consists almost entirely of 
perthitic feldspar, with only 1 to 8 per cent of dark minerals. 
In a typical case the dark minerals were diopside 1*75, mag¬ 
netite 0*6, sphene 086 per cent, leaving 97-6 per cent of 
feldspar. 

Peralketine Type 

This type is widely represented, for the pyroxene in most 
examples trf syenite tends to hold a little of the acmite mol^ 
cole or to be mantled by soda-diopside or soda-hornblende. 
The feldspar is always a purely alkaline variety, either soda^ 
orthoclase, soda^icrocline, albite, or some variety of micix^ 
perthite. 

The syenite of Umptek, Kola, which has given us the 
name umptekite, is a very leuoocratic rock composed of micrtv 
perthite, arfvedsonite and segirine; it constitutes the border 
facies of the great foyaite intrusion at Umptek. A very 
similar rock, which is also associated with foyaite, has been 
described by P. D. Quensel at Almunge, Sweden; this rock 
contains two kinds of soda-amphibole, a brown arfvedsonite 
and a blue-green hastingsite. The Norwegian rocks which 
W. C. Brdgger has called " lestiwarite *’ and '* sblvsbergite” 
are peralkaline dyke-syenites. 

■r 
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The peralkaline granites of Massachusetts pass locall; into 
syenite. The Beverley syenite is virtually free from quartz; 
the dark minerals are sometimes at^rine and sometimes soda> 
hornblende, with accessory biotite, magnetite and sphene 
(C. H. Clapp). The hornblende crystals sometimes mchibit 
cores of diopside. An analysis of the Beverley ^enite by 
F. E. Wright shows that the rock must consist of about 88 per 
cent of ortbodase and the same quantity of albite, with some 
90 per cent of metasilicates and a little quartz and ore. The 
rock of Wigwam Quarry, according to Clapp, has 70 per cent 
of alkali-feldspar, 8 per cent of quanz, and 92 per cent of 
riebeckite and segirine. 

Beautiful examples of peralkaline syenite are developed 
between granite and an eiKlo^ mass of limestone at Palabora, 
Transvaal, as described on page 81. The characteristic 
mdanes are a jade-green, more or less sodic pyroxene and a 
tavender-blue amphibole of the arfvedsonite type, or some¬ 
times a deep blue riebeckite. With increasing colour index 
these syenites pass into shonkinite and pyroxene (S. J. S., 9). 

Syenites with blue amphiboles and biotite have been 
described by A. Lacroix (8) in Madagascar. Among them 
there is a potash ^enite or pegmatite consisting solely of 
mkrocline and an unusual variety of soda-amphtbole (toren- 
drikite); this rock is exceptionally rich in potash, containing 
11-2 per cent of K,0 to 2*8 per cent of Na,0. 

D.—Trachvts. DSat, ds;8l 

Peraluminous Tyf4 
Many rocks have been described under the name of mica- 

trachyte, but most of them are either so quarizose that they are 
properly rhyolites, or else th^ carry metasilicates in addition 
to biotite and therefore belong to the metaluminous t3rpe. The 
trachyte of Game Ridge, in the Rosiu Hills of Colorado, 
seems to be a true peralumtr>ous trachyte. According to W. 
Cross (2), it shows insets of sanidine, plagioclase and biotite in 
a groundmass of orthoclase and olig^ase, with a little quartz. 

Mrlalumifiouf Tyfg 
The majority of trachytes are metaluminous. The widely 
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known rocks of the Drachenfels and other hills in the Sieben* 
gebirge of the Rhine are porphyritic rocks with large insets of 
soda^rthoclase in a pale gray, mictocrystallinc to hypocrystal- 
line base. Some plagioclase is always present, and among the 
scanty dark minerals biotite and hornblende are commonest, 
though diopside is sometimes present too. The hornblende 
crystals often have a corroded appearance, and are changed 
externally into grains of pyroxene and ore; this is just the 
reverse of the transformation usually observed in syenites. The 
glass base is highly siliceous, and a little quartz is sometimes 
rect^nizable in the groundmass. The norm of the Scheerkopf 
trachyte is quarts 6*4, orthoclase 47'8, albite 28*8, anorthite 7'8, 
leaving about 10 per cent of metasilicates, mica and accessories. 

The trachytes of Monte Gibcle, Pantelleria, arc porphyritic 
rocks holding soda-microcline, colourless pyroxene (but some¬ 
times sodic pyroxene, and then passing over to the peralkaline 
type), and a little brown hornblende. A (race of quartz may 
be present in the interstices. H. S. Washington (1) gives the 
composition of one of these lavas as follows 

quartz . 3 hornblende . S 
soda-microcline . 33 m^nctlte . 2 
pyroxene .. 7 Colour index . (14) 

Metaiuminous trachytes from Bolsena and Vetralla, Italy, 
are also described by Washington (1^, who states that in these 
rocks " both olivine and quartz arc wanting or only present 
sporadically.” The following modes are given 

(1) W (>) 
orthoclase .....4d‘5 44-3 43 
albite . 21-7 27 0 27 
anorthite .. 14-4 14-1 12 
diopakle . 6-4 3-2 7-4 
biodte . 3-4 4-8 1-0 
accessory . 4-3 6-6 4-1 

Colour index ... (14) (14) (1^ 

A perfect example of an almost precisely saturated soda- 
trachyte of the plagioclase-bearing variety (trachyandesite) is 
found in the Leeuwfontetn complex, Pretoria; it is the effusive 
form of the magma which furnished the akerite described above 
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(p*ge 894). it is a dark gray rock oi andesitic appearance, 
witb some insets of plagioclase. Under the microscope eadi 
pUgiocJase crystal is seen to be sonally built, with a core of 
oligodaae-andesine and a broad mantle of anorthoclase in 
which liny grains of dark minerals are embedded. The 
groundroass is composed of unstriated feldspar and greenbh 
hornblende, gray diopside, and green to brown biotite, with 
tiianomagnetite and apatite. The dark minerals are often 
clustered together, a grain of dit^ide being surrounded by 
hornblende, bkxita and ore grains which seem to have resulted 
from transformation of the pyroxene. The composition of the 
rock is approximately as follows (S. J. S., 1):— 

■Aorthodaae (about Ab,Aa OrJ 66 to 70% bjr volume. 
puigtocnM ^aooui 
boroUcade 

i^a^na) (w tv 
12 

dlopitde 28 
biotite 2 
thanomagnetite 2-8 
apatite 1 

Colour index (20) 

H.S. Washington (8) describes as " latite, Monfina type ” 
a irachyandesite from Italy. This is a porphyriiic rock with 
losets of biotite and augite, and some of feldspar, in a micro¬ 
crystalline to cryptocrystalline groundmass. The mode is 

quartz . biotite . 7'3 
alkali-feldspar (Or^b) S3'9 ores .   8-d 
plaeiodase (Ab,AnJ .. 841 apatite .   1^4 
aufite . 12-1 Colour index . (26) 

The rode of Mount Pennell, in the Henry Mounuins of 
Utah, is a irachyandesite according to the data furnished by 
Whitman Cross (1, 9), and so are some of the “ andesites of 
the Rosita Hills, Colorado. The dark minerals are augite, 
biotite and hornblende, and the feldspars have cores of plagio- 
clase with mantles of soda-orthodase. In the mantles, tiny 
grains of dark minerals are endosed, just as in the rock of 
Leeuwfontein, Transvaal. 

.S'vbahiminous Type 
Subaluminous trachytes ought not to be too uncommon, 

but well-described examples of this type are not numerous. 
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Good exajnples have been found by H. S> Washington (6) on 
(he island of Sardinia. The Cuglieri type is porphyritic, with 
large feldspar crystals and a few black augites in a light gray, 
microcrystalline groundmass. The feldspar is chiefly soda* 
orthoclase, but some add plagioclase appears too. The mode 
is as follows:—quartz 2, soda-orthoclasc (OrtAb.) 63, andesine 
(AbjAn,) 36, augi(e 5, ores 5; colour index 10. 

The Sennariolo type is dense and very flne grained, almost 
without insets of any kind, and is compost of very small laths 
of alkali-feldspar and a few grains of pale gray augite and 
magnetite, in a colourless, glassy base. The mode in this case 
can only be calculated from the chemical analysis: it is 
approximately quartz 3-5, soda-orthodase 78, andesine 16, 
augite 3-6, ores 6; colour Index 8. 

The trachyte of Monte Arci has insets of soda-microcline 
in a dense gray base which is composed of feldspar and quartz 
with a few grains of augite and magnetite. The mode is 
quartz 8, soda-microdine 83, pyroxene 0, ores 3; colour 
index 9. 

The trachytes of the oceanic islands possess a special in¬ 
terest because they seem to have been generated directly from 
an olivine-basalt magma. T. F. W. Barth (1) gives the follow¬ 
ing mode for a trachyte of the Marquesas islands: quartz 3, 
alkali-feldspar 65, plagiodase 36, pyroxene 9, ore 4; colour 
index 6. 

Perafftaftne Tyfi 
Peralkaline trachytes are well developed in eastern 

Australia and New Zealand, where they have been described by 
H. I. Jensen, H. C. Richard and P. Marshall. The trachytes 
of the Nandewar Mountains carry both «girine and a deep blue 
hornblende, with about 90 per cent of feldspar (sanidine and 
anorthodase) and sometimes a little interstitial quartz. iCgirine 
trachytes occur on Mount Flinders; Jensen gives the composi¬ 
tion of one of them thus: anorthodase 76 per cent, cgirine 30, 
magnetite 6. A similar rock in the Canobolas Mountains has 
60 per cent of feldspar, 16 of soda-diopside, and 6 of acces¬ 
sories. Arfvedsonite and brown hornblende are the principal 
dark minerals in trachytes of the Warrumbungle Mountains; 
and arfvedsonite and riebeckite in those of the Class House 
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Mountains. One of the latter holds 8S per cent of feldspar, 10 
to 14 of riebeckite and other soda^mphiboles, a little aegirine, 
and accessory magnetite and zircon. 

Similar rocks are found in Kew Zealand. P. Marshall 
describes trachytes with sanidine or anorthoclase and a little 
soda-diopside and magnetite, as well as one or two per cent of 
quartz, near Dunedin. 

The widespread trachytes of Kenya have been described 
by J. W. Gregory and A. Neilson, and in greater petrographic 
detail by W. Campbell Smith (1). The earlier writers named 
these rocks “phonoUtic trachyte" and even "phonolitic 
quartz-trachyte," using the adjective phonolitic In the sense 
of peralkaltne. But the rocks are actually nearer to rhyolite 
than to phonolite, for all the specimens that have been studied 
quantitatively contain from 8 to 11 per cent of quartz. The 
melanes include »girine, katophorite, cossyrite and fayalite. 

Numerous occurrences of peralkaline trachyte have been 
recognized on oceanic islands. The trachytes of Ascension 
have been described by several writers, the latest and most 
complete account being that by R. A. Daly (3). The rocks 
contain about 80 per cent of soda>ordioclase or anorthoclase, 
and Rgirine is the commonest melane, although riebeckite, 
cossyrite, and brown soda-amphibole may appear in addition. 
The norms show from 8 to 11 per cent of quartz. Entirety 
similar lavas have been described on Gough Island, in the 
South Atlantic, by W. Campbell Smith (9), who notes that 
many of them carry an iron-rich olivine in some abundance; 
and by T. F. W. Barth (1) on Maui and Hualalai, in the 
Hawaiian group. 

The trachyte of Chamarel, Mauritius, contains about 90 
per cent of anorthoclase, with legirine and cossyrite as the 
characteristic melanes (S. ]• S., 8). A chemical analysis of this 
rock shows silica to be so deficient that some oepheline appears 
in the norm although none could be detected in the ro^. It 
is supposed that there is some of (he hypothetical " soda- 
anorthite" in the feldspar. Such a rock may properly be 
described as a "j^onolitk trachyte," for it is almost a 
phonolite^ 
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F.—ShONKINTTS AKD MONZONITB. XSoM, xsfiu 
The name was given by Weed and Pirsson to 

a mcUnjc syenite that occurs at Shonkin Sag in the High- 
wood Mcs. of Montana. It was defined as "a granular 
Plutonic rock consisting of essential augite and orthodase," 
but the accompanying description shows that the rock is 
seldom so simple as that. The kernel of the definition is just 
that shonkinite is a mesotypc to melanocratic syenite, and we 
shall use the name in that sense. The feldspar is always a 
potauic one. Monsonite is a mesotype to melanocratic soda- 
syenite conuining a plagioclase with an appreciable content 
(more than 1/10) of anorthite. The lavas that are 
with monsonite in Montana, British Columbia, Sierra Nevada 
and elsewhere are all leucocratic (trachyandcsite). No 
example of a mesotype lava of monzonitic composition is 
known. 

No ptralumiwus shonkinite or monaonite seems to have 
been described. Many of the dyke rocks which pass under the 
name “ minette " are mice-shonkinites. 

MtUiluminovs Tyfe 
The shonkinites of Square Butte and Shonkin Sag are for 

the most part mctatuminous, btotite being present in consider, 
able amount. From a number of modes furnished by 
Barksdale it appears that pyroxene ranges from 27 to 82 per 
cent and biotite from 11 to 21. Much of the rock is olivine, 
bearing and it is not clear how much (rf it is strictly saturated. 
Here we have an illustration of the difficulty that arises when s 
name is attached to a particular rock^mass rather than to a 
particular association of minerals. The rock of Shonkin Sag 
includes at least three species, namely, shonkinite, olivine, 
shonkinite, and nephelineUhonkinite. 

The shonkinite of Celebes, which has a special interest 
because of its association with leudtic lavas, contains nearly 
equal amounts of feldspar and melanes; the feldspar is almost 
entirely orthoclase and the melanes are augite and biotite, with 
acces.<K>ry ore and apatite (Iddings and Morley). 

The rocks that F. F. Grout (1, 2) described under the name 
shonkinite, from the Vermilion and Saganaga granite batho- 
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litbs in Minnesota, would be better described as monaonites 
since they contain a large proportion oColigoclase. The modes 
of some of these rocks are given below. 

W (9) (») 
quam . B 8 
orthoclaxe . . *0 IB 10 
oitgodase .. . 40 3B 90 

bfotiie . — ”” 
hornblende . . SO BB 6B 
accessory . — 9 

Colour index .... .(36) (56) (6T) 

W. C- Brdgger (3) gives the following statement of the 
mineralogical composition of the typical monionite of Tyrol 

quart* . pyroxene . 14-C 
iod**ortbocltie . JOd magaetitc . 8 0 
plagiedaw (Ab,An^ ... SJ-O epatite . S'O 
biotite . IW) apbene, dreon . IH) 
hombleode .W Cotour index . (85) 

L. V. Pirsson has described monzonites in the Belknap 
Mounuinsof New Hampshire (1): and at Yogo Peak (2). in 
association with the syenites mentioned on page 394. 

aoda^ertbodaae . 
plafiodate (tfidestne) 
biotite . 
hombtende . 
diopside .. 
aceexsones, ore . 

Colour index .. 

(1) W . 
9(K) 30 4 (Or.Ab.) 
979 97 9 (Ab,An,) 
1-0 19-1 

SB-S 4 6 
_ 907 

16B 6-1 
(58) (49) 

D. L. Reynolds (1) has given a very precise and detailed 
description of an augite-monzonite that forms part of the 
Newry igrteous complex in northern Ireland. Augite and 
biotite in nearly equal parts make up almost half of Ibis rock, 
the remainder being soda-orthoclase, andesine, and a little 
quaru. There are several mineralogical and textural features 
which indicate that this rock is a hybrid, not asimple magmatic 

product. 
5ti(ia(«mtno«r Tyf« 

Few examples of subahiminous shonkinite or tnonzonite 
have been noted. In the following insunce, described by 
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C. W. Drysdale, the proportion of hornblende and bkrtite is 
90 small that the rock may be considered to be subaluminous. 
An augiie syenite at Franklin, British Columbia, has a coar9e> 
grained marginal facies composed of large augite crystals, ris¬ 
ing to an inch in diameter, set in a groundmass of smaller 
augite crystals with interstitial orthoclase. The mode is 

. U'l 
biotite . apatite . .... 14) 
hornblende .. . 15 tphene . . 0-4 
augite . . 73-1 Colour index . .... (83) 

The shonkinite of Palabora, Transvaal (see pp. 81-68) 
is a rock of very simple composition; it corresponds more 
closely to Weed and Pirsson's definition than the rock of 
Shonkin Sag does. Idiomorphic prisms of green diopside 
make up sixty per cent of the rock and are enclosed in large 
poLkilitic plates of microcline. Two or three per cent of 
apatite, and mere traces of sphene and biotite, are the only 
other constituents. It is not considered that this rock crystal¬ 
lized from a magma of its own composition; it is a product of 
reaction between granitic magma and limestone. With in¬ 
creasing diopside content this rock passes into pyroxenite and 
pyroxene-apatite rocks (S.J.S.,2). 

Peralkaliiu Type 

This is distinguished from the last type by the entrance 
of more or less of the acmite molecule into the pyroxene. The 
sbonkinite of the Highwood Mountains sometimes shows a 
transition towards this type, mantles of bright green acmite 
diopside forming round the ordirrary pale green pyroxene. 
Melanocratic syenites containing 40 to 70 per cent of sodlc 
pyroxene has been described at Tveitasen and Melteig, in 
Norway (W. C. Brbgger, 4), and at Ahvenvaara, Finland (V. 
Hackmann). 

F.—Diorite and Anorthositc. XSyL, xs4l 

Diorite is used here as a group-name for all saturated 
eucrystalline rocks that are rich in plagioclase. The group is 
divided by the Ab: An ratio into soda-dioriU, which is diorite 
in the sense of Rosenbusch and includes the more sodic 
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anorthosites, and Hnu-dioriU, which takes in the rest of the 
anorthosites and other (eticocratic rocks with a calcic pla^io 
dase. One night use anorthosite as a group name in place of 
liro^iorite, but this would destrojr the usefulness of the name 
anorthosite for " rocks composed almost entirely of feldspar." 
On the other hand it may be pointed out that this name has 
not infrequently been applied to rocks containing more than dO 
per cent of dark minerals. But it is the group that matters, 
not the name we give it, and the group is concisely defined by 
the symbol xsj L. 

Peralumtitoiu Type 
Diorites of peraluminoiis type are little known. Many 

rocks are described loosely as " mic*i^iorite," but it generally 
on investigation that such rocks either hold far too 

much quaru to be diorites et all, or else they carry hornblende 
as well as biotite. Among dyke-rocks, the " kersantite" 
group is characterized by the association of plagioclase with 
biotite, but when quantitative data are available these rocks 
generally show more than 30 per cent of dark minerals. 

Metaluminous Type 

Diorite of this type is not uncommon, but well described 
examples are few. The Pinto diorite, in the Little Belt Mts. 
of Montana, has the following composition according to L. V. 
Pirsson (8):—orthoclase 17-fi, andesine 63*5, biotite 8-5, horn¬ 
blende 13, ore 3*6; colour index 19. 

J. E. Wolff gives the following modes for the diorite of 
the Big Timber stock, in the Crazy Mts., Montana 

(») (*) W W 
quam . 3 _ 4 6 
orthoclase . 3 — 1 10 
tabrsderite . 70 66 08 05 
bMtite . 14 4 19 10 
hornblende . ~ 15 5 _ 
augite . 5 6 7 18 
hypersfhene . — — 1 4 
accessory .. 5 9 11 

Colour index .... (94) (97) (96) (98) 

A soda-diorite described by E. H. Watson in the San 
Carlos Mts., Mexico, is interesting because It is suggested that 



V > 

THE SATURATED ROCKS 406 

it represcDtsa residuum squeezed out of a body of gabbro io 
process of crystallization, and that the majority of the con* 
stituents were drained from the gabbro largely in the form of a 

crystal mush. The mode is quartz 6, orthoclase 33, andesine 
60, hornblende 6, augite S, biotiie 1, magnetite 1; colour 
index 13. 

Some facies of the norite ” of Sudbury, Ontario, are so 
leucocrattc that they fall into the present division. The 
following modes are given hy W. A. Zisman. 

to («) (») 
quartz .. ... 3 8 8 
I^ash-feldspar . ... 1 1 4 
andeslne^latndorite ... 74 G7 70 
biotite . ... 1-6 « 3 
hornblende . ... 9 6 3 
lugite . .. 3 6 96 
hyperatbene ... ... 16 8 10 
accessory . •6 — 15 

Colour index .(3S) (34) (20) 

A. F. Buddington gives the following examples of diorite 
from New York State 

(1) <*) m 
quartz .. . 3 3 9 
orthoclase . . — 9 3 
andesine . . 665 74 64 
biotite . . 7 . 4 19 
hornblende ... . tl 10 11 
pyroxene .. . — 4 -- 
accessory .. . 95 3 1 

Colour index . .(30) (91) (34) 

A soda«diorite is described by Friedlaender and Niggli in 
the Vosges Mts., containing quartz 6, orthoclase 9, an^ine 
69, hornblende, biotite and chlorite 14, accessories 8 per cent; 
colour index 17. In the same r^;ion there are numerous dykes 
of vogesiie, which may be called dyke-diorite, of similar 
mineralogtcal character. 

The ornbite of Stockholm, Sweden, is a perfect example 
of this type. E. Trbger gives the following mode: microcline 
6. oligoclase-andesine 80, hornblende 13, accessory 3; colour 
index 16. 
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Many anorthosites are metaluminous. The Marcy anor¬ 
thosite of the Adirondack Mts. is compos^ of lar^ blue-gray 
l^radorite crystals, averaging about an inch in diameter, to 
gather with 5 to 10 per cent of hornblende, pyroxene, biotite, 
garnet, ilmenite, and sometimes iron and copper sulphides. 
More sodic varieties occur too, in which both orthoclase and 
quartx are present (W. J. Miller). 

Anorthosite of San Carlos, California, containing 05 per 
cent of plagioclase of the composition An** with 4 per cent of 
hornblende and 1 per cent of augite, has been d^ribed by 
F. S. Miller. 

5ubaiittHinour Tyf* 
The “ andesine anorthosite ” of Amherst County, Vir¬ 

ginia, described by Watson and Cline, is a subaluminous soda- 
diorite. It is composed of andesine and some microcline, with 
subordinate blue quartz and a little hypersthenc, rutile, 
ilmenite and apatite. The norm is quartz 57, orthoclase 30, 
albite 40, anorthite 38, with only 2-8 per cent of femic con¬ 
stituents. 

Both andesine-anorthosite and labradorite^northosite 
occur in St. Urbain, Quebec. The following modes are given 

' by J. 6. Mawdsley. 

ortbociate . . .. 6 8 
(An,,.*, . .... MS — — 

oU^iedasc j An,..*,'. — 87 — 
^An,,.,. .... — —* 90 

hypersthenc . .... 14-8 7-4 7-9 
ilmenite . •9 •6 1-6 
hornblende, biotite . — — 1-9 

The anorthosites of the Bushveld complex contain almost 
nothing but plagioclase (bytownite) and bronzite, the latter 
forming 2 to 6 per cent of the rock (A. L. Hall). Varietin 
with 15 per cent arxl more of bronzite are described as anor- 
thosilic norite. 

G.—AKDtSnK. DSyL, DSIL 

Probably tto rock-name has been so abused as andesite. 
If one studies the norms of the " andesites in Washington’s 
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Tables, one finds that qtiaitz is frequently present in quantities 
greater than 30 per cent, rising to b6 per cent. In other cases 
there is such a deficiency of silica that 15 per cent of olivine, 
or 11 per cent of nepheline, appear in the norm. The ratio of 
orthoclase to arrarthite reaches such values as 30 to 1 and 15 to 
1, while in some cases anorthite is entirefy absent and the norm 
contains acmite. Tlie proportion of femic minerals in the 
norm varies from 5 to 50. In our classification, these rocks 
would be spread over rhyolite, rhyodacite, dacite, trachyte, 
trachyandesite, basalt, and certain undersaturated groups, and 
certainly less than half of them would be left in andesite. But 
most descriptions rocks that are called *' andesite” are so 
imperfect that it is impossible to place the rocks property in a 
quantiutive classification. 

Paralumtnous andesites possibly exist, but it is very diffi¬ 
cult to recognize them among the '* mica«andesites'* that have 
been described. Nearly all so-called mica^ndesites carry 
hornblende or augite as well as mica, and, in addition, many 
of them are far too siliceous to deserve the name of andesite 
at all. 

MeUiluminous Type 

Metaluminous andesites, containing hornblende and 
biotite, have been described, for example, in the Siebengebirge 
of the Rhine, in Huitgary, Spain, the Andes, Central America, 
and the Western United Sutes, but quantitative detail is 
mostly lacking. Many of those rocks are certainly rhyodacites 
and trachyandesites. 

Hornblend^hypersthene andesites have been described on 
Lassen Peak and Mount Shasu in California, Mount Rainier 
in Washington, and Mount Hood in Oregon, but as far as 
one can judge from the norms, these rocks should be classed 

as dacite. 
The lavas of Electric Peak and Sepulchre Mountain, in 

the Yellowstone National Park, are mostly too acid to be ad¬ 
mitted to the group of andesites as defined here, and some of 
them have orthodasc in excess of anorthite; but about four of 
the analyses given by J. P. Iddings represent slightly over- 
saturated rocks with anorthite greater than orthoclase and a 



SRUPTIVE ROCKS «a 

colour index tii^rently about or rether less than 80. Some 
erf the rodes are microcryttalline, but many have a residue of 
dark glass. Augite, hornblende and biotite all appear among 
the dark minerals. Hornblende is present in almost every 
case, and the more hornblende, the less pyroxene does the rock 
carry. Biotite accompanies the hornblende in those rocks 
which hold least pyroxene. 

Sw^aiuminotM Tyft 

Subaluminous andesites are probably commoner than any 
other type, although a 1^^ proportion of the rocks that have 
been described as augite-andesite and hyperstheo^ndesite 
have a colour index greater than 30, and are consequently to 
be transferred to basalt. 

The andesite of Pasto Volcano in Orfombta, described by 
R. KUch, has the following mode: — 

89 .... 14-0 

orthoclaM . . 9'4 magnetite . .... 8-6 

tibite .. . 149 apatite . .... 0-3 

pjagiodaae (AbrAn,) .. . 439 Colour index .... .... (93) 

The andesites of the San Francisco volcanic district in 
Artsona, described by H. H. Robinson, are interesting as 
showing oUvlne crystals in a glassy base which oontaios free 
silica. In the following table the actual mineral composition 
of these rocks is given, together with the calculated compoai- 

tkm 

Actual 
development 

of rode 

Calculated 
composUiofl 
of entire 
rock 

So PfMitm Mim. KtndrUM Pm* 

groundmaM . 97-7 899 

fddipar .. 63-9 

pyroxene . . 10-4 7-4 

olivine . 49 

magnetite . . 6-e SO 

quartz . . IM 8-6 

ofthoclate . . 131 19-8 

albite . . SW 330 

anorthite . . 199 186 

augite . 93 

byperatbene ..... . 36 6-6 

olivine .... . 9-4 4-3 

magnetite .. . 69 66 

apatite ............ 0-7 

Cokrar index . («) (97) 
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The first of these is a dark gray, compact or vesicular 
rock, with little insets of plagiodase which seldom exceed 1 
millimetre in diameter. The groundmass shows little feldspar 
laths, grairts of pyroxene, tiny olivine grains, magnetite and 
glass. In each of these rocks there is enough free silica to have 
converted all (he olivine into hypersthene, if cooling had taken 
place with sufficient slowness to allow the reaction to take 
place. If we perform this operation on paper, the first rock 
will be enriched by 3*4 per cent of hypersthene, leaving 8 per 
cent of quartz; and the second will have altogether 1T6 per 
cent of hypersthene and 67 per cent of quartz. Both rocks are 
therefore abnormally developed andesites. 

H.—GaBSRO AND SODA>GA8BRO. XSyM, XS3M 

The name gabbro, as used here, stands for the group of 
plagioclase-bearing rocks of mesotype to melanocratic char> 
acter. It is divided by the Ab: An ratio into sodiugabbro and 
lime-gabbro. The name soda-gabbro covers a group of rocks 
about which there has been little agreement in the past, some 
writers putting them in diorite, some in gabbro and some mak> 
ing use ^ the non>committal name gabbrodiorite. Most of 
these rocks contain a large proportion of hornblende, so it may 
be preferable to use soda-gabbro as the group name and leave 
gabbrodiorite for the varieties rich in hornblende. The lime- 
gabbro group includes all normal gabbro, norite and diabase 
(doierite). 

Ptrabtminous Tyf* 

Mica-gabbro containing no other dark silicate than 
biocite is almost unknown. Among the dyk^rocks, however, 
the kersanlites have the appropriate ocMnposition. These 
rocks ctmsist typically of plagiodase and biotite, but quantita¬ 
tive descriptions are seldom available. J. H. L. Vogt has 
given the composition of kersantite at Bygdd, Sweden, in the 
following terms:—labradorite 60 to 70, biotite 90 to 26, mag¬ 
netite 10 to 12, with some pyrtte and apatite. 

M etaluminous Tyf$ 

The simple association of oligodase with an abundance 
of hornblende has been observed by S. W. Wooldridge on 
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the l^nd of Sark, Channel Islands. In one case, measure¬ 
ments indicated 48 per cent of oligoclase and 60 of hornblende. 
The rock bears the same relation to diorite that shonkinice 
bears to syenite. 

An extremely high content of brown hornblende is reported 
by T. F. W. Barth in a pegmatite at Brandbukampen, Nor¬ 
way. The mode is:— 

. 0-8 44 
2-i 

. 71 (88) 
hornblende ...... . 7S-0 

A simple lime-gabfaro which is almost free from pyroxene 
was described by I. S. Allison in the Giant’s Range of 
Minnesou. It consists roughly of 70 parts of Inbradorite 
and 80 pans of hornblende, the crystals sometimes enclosing 
cores of pyroxerw. 

F. Sdlner describes mica-rich gabbrodiorite in the 
Brtinner massif, Austria, and gives the following modes:— 

•ii-- • 

Sit quarts .,.M4.>rt«w^viv^. “ 
plaglodaia 17-6 
MKM .   fs-f 

hornblende . lS-7 
accessories .. 1*4 

Colour index . (48) 

(*) 
60 

48-8 
'»♦ 

Me 
17 

(46) 

The homblende-gabbro of Frankenstein, Germany, is on 
the whole a socUgabbro, the composition ^ the plagiociase 
ranging from An,, to An,,. P. Tschirwinsky has given the 
following mode 

pUgioctaae (Ao,, to An,,} . 68-3 
augite .. 39-3 
hornblende . 8*3 
titanomagnetite .     1-8 
pyrites .   0-1 

Colour index .     (38) 

The hypersthen^omblende association is illustrated by 
the norite of St. Thomas’ Mount, Madras, which H. S. 
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Washin^on (6) has described as follows: plagioclase (AbiAn,) 
40-8, hornblende 19-6, hypersthene 81, wes 8-6. The hypers- 
ihene-biorlte association is found in many norites, as at 
Trlpyramid Mtn., New Hampshire. L. V. Pirssoo (2) gives 
the following mode :— 

quarU . SK) augite .   8-4 
orthodase .. S'O hypersthene .  1(H) 
plagioclaae . 86*6 ore . H'O 
biotite . 8-0 apatite . 

Colour index . (37) 

The association of hornblende, augite and biotite is seen 
in the gabbros of Slesse Mountain and Ashnola, British 
Columbia (R. A. Daly, 1) end in the "diorite” of Belknap 
Mountain, New Hampshire (L. V. Pirsson). 

SUlu MH. BMtafMtn. 

quarto . 9-5 0.5 — 
labradorite . .. 680 67-& 43-6 
biotite . . 1S6 8-0 3-3 
hornblende ■ ■■ . 12 8 21s 263 

augite .. ... 4-3 
... 23 

120 
36 

15-8 
7-7 

aooessorie* . ... oe 16 3-4 

Colour index ... (M) (67) (56) 

same association is seen in the hybrid " augit^biotite. 

diorite *' of the Newry complex, Ireland. This rock contains 
24 per cent of augite (including a little hornblende), 25 per cent 
of biotite, and 45 of andesine (D. L. Reynolds, 1). With a 
8oda*lime feldspar and a colour index of 66 the rock is a soda- 
gabbro in terms of the classification followed in this book. 

Biotite, hornblende, augite, hypersthene, and even a trace 
of olivine are all present in a gabbro that J. E. WolE has 
described in the Craxy Mts., Montana. Here we have the 
entire reaction-series of the ferro-magnesian minerals in a 

single rock. The mode is quarto 1, labradorite 25, biotite 8, 
hornblende 83, augite 21, hypersthene 4, olivine 1, accessories 

7 5 colour index 74. 
A colour index greater than 60 is shown by gabbros that 

have been described by W. G. Foye at Glamorgan. Ontario, 
>8 
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•nd by G. A. Young at Mount Yamaska, Quebec. The modes 

are;^ 

(l) m 

plagieclaM . . iu 160 

bornMeodc . . 44S 91-9 

augite . . 196 464 

ilmnite . . 199 167 

pjrrite, apatite .. 19 3-7 

Col^ index .. •• («) (86) 

Norites that have been greatly contaminated by solution 
of aluminous sedimentSi leading to the appearance of oor- 
dierite, garnet and other highly aluminous minerals, have been 
described by H. H. Read and W. R. Watt in north-eastern 
Scotland. The mode of one such rock, occurring near Huntly, 
has been given as follows by Watt_ 

1-0 .... 3-ff 1 
S-ft . 16 6 > 

albUe . . 50-9 cordierite . . 14-4 . 

aoorthita . . 19-9 sUiunanite . . 09 
.. .. IS-B . 4-6 

CokMir index . .... (86) 

SahalamiAOiu Tyft 
This type includes common gabbro, norite, and diabase 

or dolerite. The rocks are common enough, but accurate 
statements of their mineralogical composition are less common. 

B. V. Lombaard has given a number of modes for the 
different fades of the Bushveld norite. If we exdude the 
anorthosite facies in which the colour index falls below 80, 
then the range of composition is labradorite 46 to 70, ortho- 
pyroxene 8 to 46, dino-pyroxenb 1 to 29, accessories 0 to 9; 
colour index 83 to 64. The average of IS modes is labradorite 
64, ofthc^pyroxene 30, dino-pyroxene 16, accessory 1; colour 
index 86. A very li^e quartz is present in the more felds- 
pathic facies. 

For the Sudbury gabbro or norite, T. C. Phemister has 
furnished diagrams to indicate the variation in mirteralogical 
composition ^ng certain lines of traverse. It appears from 
these data that quartz is always present and often in greater 
amount than 10 per cent; also that a large prc^rtioo of the 
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rode is leucocratic. We h«vc slresdy ictcluded some examples 
of the latter type in the lime-diorite ^up. Coleman, Moore 
and Walker present an avefa|^ composition calculated from 
five analyses of norite from the basic border,*' from which it 
appears that the average feldspar is sodic (Or,»Ab,,AD,«), 
which would throw the corresponding rocks into the soda* 
gabbro group. In short, the Sudbury gabbro is a very varU 
able rock which ranges in composition from tonalite to diorite, 
soda-gabbro, and leucocratic gabbro or norite. In addition, 
the original pyroxene has commonly been transformed into 
hornblende. Compared to the Bushvcld norite the Sudbury 
rock is richer in silica and alkalis and much poorer in lime and 
magnesia. 

W. Larsson has made a detailed study of the Nygard 
norite stock in Sweden. This little stock of about one square 
mile shows a wide range of composition, the colour index vary¬ 
ing from dfi to 92. The mean of 46 modal analyses is as 
follows:—labradorite 60, ortho-pyroxene 32, clino-pyroxene 7, 
biotite 3'6, hornblende 9, ore 3; colour index 60. A little 
biotite is present in every case, and usually a little hornblende 
as well. This raises the question whether such rocks should 
be referred to the subaluminous or to the metaluminous type. 
So long as the proportion of biotite or hornblende is trivial- 
say Itas than one-tenth of the pyroxene—it may be ignored; 
but in the present instance the average proportion of biotite 
and hornblende is one-seventh of the pyroxene. One might 
describe such a rock as a transitional one, and indicate this by 
the symbol XSs-m3 (60). 

The gabbro of the Insizwa lopolith in South Africa is 
mostly olivine-bearing, but it has an olivine-free facies for 
which D. L. Scboltz has given the following mode;—quarts 
4-2, cryptoperthite 4 4, plagioclase 64, ortho-pyroxene 24, clino- 
pyroxene 9-6, hornblende 2-2, biotite 1, ore 0-8: colour index 
37. In this raw* the proportion of hornblende and biotite is 
less than one-tenth of the pyroxene, so for the purpose of classi¬ 
fication it may be ignored. 

A. Holmes and H. F. Harwood (2) have made a very com¬ 
plete chemical and mineralogical study of the Whin Sill and 
related dykes in the north o( England. The calculated mineral 
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composition of the Wbin SitI is given in the first column and 
that of five of the related dykes in the other columns. 

n) (») (•) (0 (4) («) 
quartz .. ... fl-7 46 8^6 9-7 106 6-8 
alkall-feldspar ... 4-4 8-8 80 8-1 30 
plagiodasc . 404 40-8 49-4 434 495 45-S 
pyroxenes . M-7 354 19-4 97-6 97-1 399 
ores . 8-9 9-4 190 11-9 9-8 8-9 
accesMrics . 14 ■7 I 4 1-6 5-8 l-l 

Colour index . • (47) m («) (41) (43) (49) 

The piagtodase in these six rocks holds in each case just 
under 60 per cent of anorthite, and the pyroxene includes tMth 
rhombic and R>onoclinic species. 

Quartz>bearing gabbros and diabases of the above char¬ 
acter have been widely recognized in Spitzbergen, Canada, 
eastern United States, British Guiana, Brazil, India, South 
Africa and Tasmania. F. Walker’s data for the Palisade sill 
in New Jersey were quoted in Chapter IX. 

1.—Basalt AND Soda-Basalt. osyM, dsSm 
The psf<2i«minous type is unknown. 

Mstdluminoiu Typ» 
Meialuminous basalts are much less common than the cor¬ 

responding gabbros. A hornblende basalt was described by 
H. H. Robinson at Bill Williams Mountain, Arizona. The 
visible constituents of this rock are hornblende (48 per cent), 
labradoriie (13 per cent) and magnetite (3 per cent), with a 
cryptocrystallinc groundmass which makes up 87 per cent of 
the rock. If the rock had crystallized completely, rt would 
have had approximately the following oomposition 

quartz .. 7-1 hornblende . 47-6 
orlhoclaae . 4-4 magnetite 3-0 
albite .   S3-8 tpatlte .  -$ 
anerthite . 8-3 Colour index . (00) 

Among dyke-basalts, however, it is likely that many 
examples of this type could be found. Such are, for instance, 
many of the so-called "camptonite” dykes. Pirsspn and 
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Washington have described a camptonice of Mount Belknap. 
Mew Hampshire, which consists of 

labradorite . . M2 apatite . 19 
. 31-7 67 

iron ore . . «-4 Cc^our index about 40 

Camptonites from San Carlos Mts., Mexico, have been 
described as follows by E. H. Watson 

andetine . 
a) 
46 

(«) 

labradorite . 60 69 
brown hornblende 30 IS SO 
augite . SO 19 11 
magaetite, etc. .... 4 6 — 

Colour Index .... (64) (40) (<l) 

Swbaiumtnous Tyft 

Among the basalts and dyk6<basalts the Tholey type 
(tholeiite) corresponds very closely to the diabase of the Whin 
Sill and Palisade type. Holmes and Harwood (1) have studied 
the tholeiites of the north of England and give a large number 
of chemical analyses, together with the calculated composition 
of each rock anal3rxed. A single example may suffice. The 
calculated composition of the Tynemouth dyke is as follows 

quarts 
alkali'feldspar 
plagioclase 

K-S pyroxene . 37-4 
‘S ores . Cl'S 

47-7 accesMries . 1*5 
Colour index . (4B) 

The basalts of the Deccan, India, have been studied by 
H. S. Washington (7). In a region of over 900,000 square 
miles some variation must be expected, but these basalts are 
remarkably similar all through the region. They are mainly 
dense, non-porphyritic rocks with not more than ten per cent 
of glass. In the majority of cases olivine is entirely absent 
and there is a small excess of silica. Augite and labradorite 
make up about 00 per cent of the rocks, and some magnetite 

is always present. 
The following n^ms, calculated from two of Washing* 

con's analyses, give an idea of the mineralogical composition 
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Among; (he basalts of Monte Ferru, in the same island, 
there are some which show the association of quarts and 
olivine, of which we have already discussed several instances. 
The olivine crystals form insets only, while the quartz is con- 
lined to the intersdeial base o( the ^roundmass. In each case 
dascHbed by Washington (8) there is eitough free silica to 
have converted the whole of the olivioe into enstatite, as the 
following figures show i-— 

Colour index 

The Snake River basalts of Or^on are very simitar to 
the Deccan " traps." The norm calculated from six analyses 
shows 

quartz .  S'9 pyroxene ..   3S-7 
ertboclate . 7-8 magnetite and ilmemte 8-B 
alblte . %i4 apatite . 30 
■northite . I0-6 

H. S. Washington (4) describes subaluminous andesite- 
basalts at Monte Arcj, Sardinia. These are dense, dark gray 
or black rocks, showing only rare and very small insets of 
feldspar. Both ortho- and dinc^pyroxeues are present, and 
there is very small residuum of siliceous glass. The following 
(node it calculated from a chemical analysls:«>- 

^ - (oocuJt) . 4 ores .1.8 
, . 43 apatite . I ' 
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1«) 
3- 4 
4- 7 

307 
34-5 
381 

3-8 
17 

of the rocks 

pyroxene .... 
magoetUe and iloMnite 
apatite . 

quartz .. 
orthoclase 
albite . 
anoftbite 
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A few examples soda<-basalt and lime4>asalt, conuining 
cither no olivine or else a small proportion of olivine tc^etfaer 
with the corresponding amount <k free silica {Bowen>Anderscn 
reaction), have been described from the island groups of the 
Pacific, by T. F. W. Barth. 

J.—PERRNJTt. XSM 

Under this name we place all saturated rocks which are 
composed, to the extent of ninety per cent or more, of pyr^ 
xene, hornblende or biotite, with which magnetite, ilmenite, 
chromite, spinel or a sulphide may be associated. An iron> 
rich olivine or an iron-rich garnet may also be present. Rocks 
that consist almost entirely of iron-ore (magnetite-rock, 
ilmenite-rock, chromit^rock) are not considered here. Wo 
may subdivide the perknites into ortho-pyroxenite or bronzitite, 
clino-pyroxenite or diopsidite, garnet-pyroxenite, hornblende* 
pyroxenite, and hornblendite. 

Ptratuminous Tyfe 
Rocks composed wholly of mica can hardly be said to have 

an independent existence. Larsen and Pardee have described 
lenses of biotite-rock, now altered to vermiculite, in pyroxenite 
at Libby, Montana, and have suggested for them the name 
glimmerite. Elsewhere this materhU is only known in nodules. 

Afeialuminoiu Typ» 
Biotite-pyroxenite with a large proportion of mica occurs 

in the Newry complex, Ireland; it has the following compo¬ 
sition biotite 46, augice 27, hornblende and actinolite 21, 
ore and apatite 6 (D. L. Reynolds, 1). Volcanic bombs con¬ 
sisting of augite and biotite occur on Monte Somma (A. 
Riumann). At Libby, Montana, Larsen and Pardee describe 
a body of diopside-pyroxenite which contains a variable pro¬ 
portion of biotite and grades into the glimmerite mentioned 
above. This rock sometimes bolds a little garnet, and apatite 
is always abundant. The mode of a single specimen is stated 
as follows: diopside 74, biotite 6, garnet 1, ore 10, apatite 10. 
A diopside-pyroxenite at Loch Ailsh, Scotland, has been 
described by J. Phemister; it holds diopside 60, biotite 19, 
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hornblende Ul, iron ore 9 per cent. Other occurrences of 
biotite>pyroxenUe have been summarized by D. L. Reynolds 

(8). 
In the “yamaskite” of Mount Yamaska, in the Monte- 

regtan Hills of Quebec, the pyroxene takes the unoocnnvon 
form of titanaugite. The mode is titanaugite 67, hornblende 
39, ilmeoite and pyrite 7, anorthite 3 per cent (G. A. Young). 

The hypersthene-homblende association is exhibited by a 
rock from Madras, India, which was described by H. S. 
Washingfton (6). The mode is hypersthene 46, clino*pyroxene 
6, hornblende 4J, magnetite 8 per cent. 

Biotit^hornblende<broozite pyroxenite is recorded by R. 
J. Bridges, in Tanganyika Ttrtitory, East Africa. Bronzite 
forms 10 to 90 per cent of the rock, the remainder being com¬ 
posed of hornblende and biotite in nearly equal proportions. 

Hornblendiies in which the dark brown hornblende crystals 
contain cores or ghosts of diallage, thus demonstrating the 
origin of the rock by transformation of pyroxenite, were 
desaibed by Wyllie and Scott at Garaba] Hill, Scotland. A 
hornblendite containing 93 per cent of hornblende with 7 per 
cent of feld^MT was describe by P. F. Grout (9) at Saganaga 
Falls, Minnesota. This rock is a marginal facies of the 
Saganaga granite. 

Many pyroxcnites hold a little garnet. A. Lacroix (1) has 
described rocks consisting of diopsi^ and garnet, diallage and 
garnet, and diallsge with hornblende and garnet at Lherz, in 
the Pyrenees. The eruptive origin of these rocks is perhaps 
open to question. 

5u6af«mtfu>ur Tyft 
Diopside-pyroxenite with only a trifling proportion of 

biotite or hornblende has been described by W. C. BrOgger 
(9) at Monzoni, Tyrol. Besides three or four per cent of 
biotite and hornblende the rocks contain a little plagioclase. 
Brbggcr (S) has also described pyroxenite of similar composi- 
tion at Gran, Norway, where it forms a marginal facies of 
essexite. The pyrcnenite of PaJabora, Transvaal, consists of 
pale green diopside with only a little microcline and apatite. 

The *'websterite ” of North Carolina oonuins both 
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rhombic and raonodinic pyroxene. F. Bascom has described a 
rock of this character at Oakwood, Maryland, which consists 
simply of hypersthene (43 per cent) and diallage (56 per cent). 

Ortho-pyroxenite, consisting of bronsite with no more than 
5 or 6 per cent of pUgtoclase, diopside and chromite occurs 
largely in the deeper zones of the Bushveld norite lopolitb 
(F. A. Wagner). Entirely similar rocks are found in the 
Great Dyke of Rhodesia and in the Stillwater complex of 
Montana. 

Many pyrcncenites carry a moderate or even large propor* 
tion of oxidic or suphidic ore. P. Geijer has de^ibed the 
passage of a syenite, at Rackberget, Sweden, into a rock com¬ 
posed of pyroxene, fayalite and magnetite in the proportion 
(to judge from a single text-figure) of about 50 : 90 : SO. The 
*' Pusey iron ore " of Glamorgan, Ontario, is a heavy, black 
rock made up essentially of augite and titanomagnetite, the 
latter constituting from one quarter to over three quarters of 
the rock (Adams and Barlow). The pyroxene grains are com¬ 
pletely enclosed in magnetite, but about each grain there is 
generally a narrow mantle of brown hornblende which has 
been formed from the pyroxene. 

Pera/kalina Typ$ 
Perknites consisting mainly of soda-pyroxene, generally 

a more or less sodic diopside, have been found in association 
with peralkaline syenite at Ice River, B.C., and elsewhere. 
Volcanic bombs of such material appear at Monte Vulture, 
Italy. One of these has the following composition : aegirin^ 
dic^ide 39, hornblende 49, biotite 6, ore 6, apatite, etc., 7 per 
cent (A. Rittmann). 

The original tclogiU of Bavaria contains a green soda- 
pyroxene (ompbacite or jadeite-diopside) with green horn¬ 
blende and pink garnet. The eclogites are regarded by most 
people os metamorphosed basalts and tuffs. 
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CHAITEB XXII 

THE UNDERSATURATED ROCKS 

(NON-FELDSPATHOIDAL DIVISION) 

(DESCRIPTION) 

KEY TO THE COKTEKTS OP THIS CHAPTER 

B. —CUMiEeatiM and ooDHOdatan. 
C. — 
D. —Sa^uaeb]^ 
K.-4B^4beekiait*, •ob^onMclta. 
F. —Sab-dioriM, tub^aonhcaite. 
G. Sab laihwii 
H. —Sub-|*bbm 
I. —Sab-bMilt. 
J. —Pwidotltt aad nteted reds. 
K. -UdihM-baMh, klnbMliM. 

ridt) diTivcn. «. 4SS 

XVftL. XVFL 
t. 483 
f. 4SS 

DVa. DV^ f. 4r 
XVaM, XVFM f. 430 
XVvL. XVIL p. 431 
DVtL. Dvn. p. 4as 
XV7M. XVIM p. 434 
DV-rM. DVIH p. 487 
XVH p. 430 
DVH p. 44a 

A.—Mineralogy 

The cnineral^y of these rocks is the s«me as that of the 
saturated rocks, except for the appearance of the unsaturated 
cninerab divine, melilite, melanite, perovskite and corundum. 
Quartz and siliceous ^ass are entiiolj absent except in rare 
Instances where the Boweo«Aodersen reaction has been in* 
bfbkad bjr rapid coding of the magma. 

Olivine is seldom associated with a pocassic feldspar, for 
the reascHt that orthodase can react with olivine to give hypers* 
thene and biotiie. Even the soda*rich feldspars are rarely 
found in association with olivine, and in general the feldspar 
of the olivine-bearing rocks ranges from labradorite to anor* 
thite. Olivine crystallizes as a rule before all other silicates 
except anorthiie. A. Harker has shown that in rocks that con* 
sist chiefly of these two minerals, like the allivalite and harrlsite 
of the island of Rum, the mineral which is present in larger 
quantity crystallizes first. But in consequence of the great 
difference in melting-point between forsterite and fayalite, 
an iron-rich olivine crystallizes at a much lower temperature 
than the common iron-poor variety. S. 1. Tomkeieff (1) 
has shown that the oitvine In many dolerites and diabases is 
zoned and the outer zones are ridier in iron than the cores. 

m 
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(n British Tertuiry dolerites the proportion of fayalite in the 
cores of the olivine crystals is 18 per cent, but in the outer 
zones it is as much as 40 per cent. 

Melilite is only found in rocks with an excessively high 
content of lime. It is seldom found apart from olivine, and it 
is generally the last of all the heavy silicates to crystallize. In 
the alndite of Montreal, J. Stansheld found that the order of 
crystallization was olivine, iron ore, perovskite, biotite, melU 
lire; and in the Oka Hills it was apatite, ore, mica, perovskite, 
melilite, followed by nepheline and hatiyne. In the melilite* 
basalts of Namaqualand, South Africa, M. S. Taljaard ob* 
served that an early generation of pyroxene was reaorbed and 
transformed into melilite, after whi^ there was a later genera¬ 
tion of titanaugite. Perovskite is an almost invariable associate 
of melilite and is seldom found in any other association. 

Mclanite is only found in a few syenites and trachytes. 
Its commonest associate is a more or less sodic diopside, though 
in borolanite it is associated with biotite. 

The only significant occurrences of corundum are in peg¬ 
matite dykes, as already related. In these the mineral is asso¬ 
ciated with feldspar of low potash content, usually a soda-rich 
roicroperthite, albite or oligoclaae; but in the kyschtymite of 
the Ural Mts. the feldspar is anorthite. The only consuni 
associate of corundum is biotite. 

B.—Classification and Nomenclature 

The method of subdivision is strictly parallel to that used 
for the saturated rocks. The difficulty of nomenclature is greater 
than usual, because for some reason that is hard to under¬ 
stand the presence of olivine in a rock has seldom been indicated 
by a distinctive name. I( is true that in Zirkel's time the 
name basalt implied the presence of olivine, and if one wished 
to indicate that a basaltic rock was olivine-free one had to say 
so in these words, or else call it augite-andesite; but this rule 
has been abandoned in English-speaking countries. Basanite 
remains one of the very few names that definitely imply the 
presence of olivine; peridotite is another and troctolite is a 
third, but the latter r<^ seems to have received its name more 
on account of its curious appearance than for any mineralt^cal 
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reason. Tbu neglect to mark the appearance of olivine in rocks 
by a change of name is astonishing when one considers how 
gabbro has been split up on the slenderest of mineralogical or 
textural grounds into norite, ossipite, hyperite, anorthosite, 
eucrite, gabbrodiorite, essexite, diabase, picrite, belugite, 
tilaite, and so on. Not one of these names indicates anything 
half so important as the cros^ng of a phase boundary. 

To make the position still more remarkable, the extremely 
rare melilite rocks have received no less than 17 specific names 
(not counting compound names); and the decidedly uncommon 
leucite rocks have at least 81 such names (including four new 
names given quite recently); yet the supremely important and 
chemically distinct olivine-bearing rocks are treat^ as mere 
“varieties” of gabbro, DOrite,_ diabase and basalt, unworthy 
of distinctive names, and eminent petrographers have subscribed 
to the opinion that the appearance of olivine in a rock is not 
especially daserving of notice. 

There is need of a complete series of names to distinguish 
the olivine-bearing rocks from those that are free from olivine, 
^st as baeanite has always bean distinguished from tephrite. 
One would like to see the woHd-wide olivine-basalt magma 
distinguished from the olivlne-£me basalt, of the oontinenul 
shields by a name that would recall the dominaaos of t^vine- 
basalt in the great ocean basins; unfortunately pacific^ aari 
or«di»d« have ^ready been given to mere varieties, and allantiU 
to a nepheline-bearing lava. Alternatively, one might restore 
Che original meaning of basalt, and use the already fairly 
familiar thoUiiU for the olivine-free type. But even if pecr<^ 
logists could be induced to make this small change it would not 
be enough; we should still be in need of names for the olivine- 
bearing equivalenu of gabbro, diorite, shonkinite, andesite and 
trach3rte at least. There would be the fullest justification for 
introducing such name^-but nobody would use them. The 
writer has therefore followed the simple plan of adding the 
prefix sub- to Che name of any saturated rock, in order to indi¬ 
cate the presence of an unsaturated mineral of the group we 
are now discussing. The broad classification of these rocks 
proceeds then as follows:— 
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Or>An 

An>Or 

Or>Afl 

An>Or 

I Or>Ab 
}Ab>Or 

rAb>An 
\ An^Ab 

/ Or>Ab 
\ Ab>Or 
(Ab>An 
I An^Ab 

Eucuvstalukb Rock* 

Ltucocrade A/tsotyf^-Melanocmtic 

PotAJh sub>s)r«ite Sulvshookloite 
Soda aub-ayeaite Sub-monsoaite 

Soda aub-diorite Soda aub^abbro 
Lime tubdiorite Lime aub-gabbro 

Hyp*rm*lanh 

PerkioCitc 
DracRTBTALLiNt Rocxa 

Lneoeratie 

Potash Bub-trachjrte 
Soda aub-trachyte 
Soda sub-andealtc 
Lime aub-andesite 

M«soiyp0^Mtlaiu>eratu 

(No distinctive name) 
(No distinctive name) 

Soda sub-basalt 
Ume Bub-basalt 

Hyp*rm«lame 

Melilite-baaalt 
Kimberlite 

It is to be remembered that these awkward hyphenated 
names are ^oup^utnus; they are not intended fot application 
to individu^ rocks. 

C.—SUB-SvENtTB. XV»L, XVjSt 

Pera/vmiflous Tyft 

The corundum-syenites and pegmatites of Ontario have as 
their feldspar a microperthite in which albite is in excess of 
orthoclase. The only constant dark minerals, besides corun¬ 
dum, are large plates of biotite or muscovite. Corundum is 
variable in amount, but locally it makes up as much as 76 per 
cent of the rock, and individual corundum crystals sometimes 
weigh more than thirty pounds (A. E. Barlow). The corun¬ 
dum pegmatites are intersected by quarts feldspar-pegmatites 
which hold no corundum. 

The ooninduro rocks of the Ilmen Mountains, Russia, are 
very similar to those of Ontario. The syenite of Nikolskaia 
Ssopka conuins a microperthite in which albite slightly exceeds 
orthoclase. The corundum is in short, blue prisms j in one 
example analyzed by Morozewicz, awiindum made up 18-5 per 
cent of the rock, and the only other heavy minerals present are 
a little biotite and some secondary white mica. At Sseljankina 
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the rock holds a good deal of biotite; and in the corundum 
pegmatites of the Borsovka River there are traces of rutile, 
sfMtite and zircon. 

In the corundum syenite of Coimbatore, Madras, the same 
mineralogical characters are repeated. T. H. Holland 
reports biotite, muscovite, apatite, zircon, spinel, chrysoberyl 
and pyrope as accessory constituents of a rock otherwise oorn- 
posed of microperthite and corundum. 

Metaluminous end Svbaluminous Types 
The appearance of olivine in a syenitic rock is generally 

accompany by such an increase in the colour index that the 
rock becomes either shonkinite or raonzonite. Examples will 
be found under these heads. 

J. J. O’Neill has described a local facies of the essexite of 
St. Hilaire Mountain, Quebec, which holds over 70 per cent of 
soda-ortboclase, tr^tlier with divine, brown hornblende, bio 
the, apatite and iron ore, in that order of abundatvce. 

A. Rittmann has recorded a hornblendomelanite syenito 
porphyry, and a similar rock with augite instead of hornblende, 
among the ejected blocks of Mte. Somma. The modes are as 
follows i— 

taaidine . ... ff S 
pfifiodaM . ... 9 19 
biotita . ... 3 
hornbkode . ... 13 1 
au^te . ... — 1ft 
melanite . ... 3 9 
rest . ... 1 3 

Colour index ... ...(90) («) 

Peralkaline Type 
This type is represented by a very few examples of 

melanite-syenite. Most rocks of this mineralogical character 
are mesotype or melanocratic and fall ur,der shonkinite rather 
than syenite. 

P. Eskola has described syenitic rocks with a considerable 
content of deep brown garnet (andradite or melanite) at Sviatoy 
Moss in Transbaikalia. The calculated composition of two of 
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these rocks is given below. Eskols states that " no qtiartz was 
detected under the microscope in spite of much search with 
convergent light.” 

(1) m 
orthodase .. 3M 
albite .. STT 
anorthile . . 3J 10-8 
toda-dioptide . . 17-1 8-T 
andradite . . 9-0 109 
rest ... . 3-4 9-4 

Colour index . . (90) (18) 

Melanite syenite has been recorded at several points In the 
limestone districts of Assynt, Scotland. At Loch Borolan it 
forms a transition rock tetween quartz-bearing syenites and 
nephelin^syeoite, and the melanite is associated with biotite 
(S. J. S., 1); near Loch Ailsh, J. Phemister has found another 
variety consisting of soda-rich microperthite, jegirine and 
melanite. 

D.—St3»-TRACHYTE. DVa, DV/J 

The few rocks that fall into this group are more commonly 

mesotype than leucocratic, and nearly all arc subaluminous. 

The iron-olivine, fayalite, is not uncommon in rhyolite 
and trachyte; it occurs pretty constantly in the quartz-trachytes 
of Kenya, for instance; but magnesian olivine also occurs in 
some quartz-free trachytes. The presence of occasional grains 
of olivine in the trachytes of the Auvergne was record^ by 
Zifkel and by Rosenbusch, and the following proportions were 
found by the writer (S. J. S., 9) in a trachyte of Mont Dore:— 

soda-potash feldspar ..... 

diopside .. 

latoa 
. 16 
. 9-8 
. 9 

GrouadeitM 
49 
90 

9 

apatite, biotite ... 
Cdour index .......... 

. -8 

. <M) 

•7 

The olivine in this case is not fayalite but a normal mag¬ 
nesian olivine. 

The "ciminite” of Monte Cimino, Italy, as described by 
H. Washington, shows the association of a not very sodic 
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orthoclftse (Or,*Ab,) with a decidedlj calcic plagioclas* 
(AbiAnOi but th« bulk composition of the feldspar is such as 
to place the rode in the trachyte division. The mode is:— 

seda«orthocIaae . 5b-7 olivine .   IJ'J 
. 15‘1 mamethe, apatite . re 

tufiic . WJ Cokw index . (88) 

An *' oligoeJase andesite ” of Kohala, Hawaii, contains so 
much alkalUfeld^NU- that it is better described as an olivine 
soda-trachyte (soda sub-trachyte). T. F. W. Barth has given 
the following mode:— 

alkali-feldspar . 890 
plagiodase . 80-0 
pyroxene ... 
olivioe ... 
ore .   7 * 
apatite . 8^ 

Colour index .. (89) 

The lavas described by H. H. Thomas as " marloesite*' 
and ‘‘skomeriie" are soda-rich olivine-trachytes, sometimes 
with and sometimes without hornblende. The "kaiwekite" 
of New Zealand (P. Marshall) and the “ macedonite ” of Vic¬ 
toria (Skeats and Summers) are rocks of similar character. 

The common "mineiie” or “mica-trap" may be de¬ 
scribed as a melanic dyko^rachyte. L. V. Pirsson has described 
such rocks in Montsna, and the following modes refer to 
minettes of Y<^o Peak (1) and the Higbwood Mountains (2) 

(il m 
alkali-feldspar .. .. SB 39-9 
iDdatioe . . 10 — 
faiotite .. .. 18 16-8 
pyroxene . . 8B 998 
otirioe .. 7-6 
rest . . B 8-1 

Cdour index ......... .(«8) (61) 

R. A. Daly shows that the shonkinite of Christina Lake, 
B.C. (page 439), has almost exactly the same chemical composi¬ 
tion as the average minette of that r^ipn, and suspects that 
both were formed from the same magma. 
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An example of melanite trachyte, containing a soda*bearing 
pyroxene and therefore peralkaline, was recorded by J- D. 
Mackenzie among the Crowsnest volcanics in Alberta, Canada. 

E.—Sus-Shonkinitb, Sub-Monzonits. xvaM, xv/Sm 

The original shonkinite oi the Highwood Mts., Montana, 
is largely olivine^honkinite. J. D. Barksdale has given a 
number of modes which show the following range of oomposU 
tion :— 

feldspar, zeolites .   29 to 5S 
biotite . 11 to 22 
augite .   20 to bO 
olivine .   1 to 10 
rest . 2 to 6 

Colour index . (47 to 71) 

The feldspar in this rock contains much more potash than soda. 
A typical mode given by L. V. Pirsson for the shonkinite 

of Middle Peak is given in column 1, below. Beside it is the 
mode of a shonkinite from Spanish Peaks, Colorado, by A. 
Knopf. In both rocks potash predominates largely over soda. 

soda-^rthoclaie . 
biotite .. 
augitc . 
olivine ... 
ore and apatite . 

Colour index . 
The olivine-shonkinite recorded 

ham in southeastern Idaho is more 
modes show, but the feldspar is still 

40 lift 
S2S 243 

1-7 54 
8-3 4-6 

(*T) («) 
by Anderson and Kirk* 

melanic, as the following 
dominantly potassic 

orthodase . . a 17 
andesiae . . ft 10 8 2 
biotite . . 6 12 12 16 
diopside .. . 42 90 20 42 
olivine . 16 20 8 
magnetite, etc. 9 2 2 

Colour index ..... .(W) (60) (64) (66) 

A mesotype olivine-shonkinite was described by R. A. 
Daly at Christina Lake and other points in British Columbia. 
It is a coarse grained, dark grey rock composed of sodaertho> 
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Ubcftdorite, diopside, olivine, end Urge foils of dark 

green biotits. Tl» mode is:— 

■Ode-orlbodsK . 4H olWioe . 
lubrs^ite . IM magoetita . S'O 

biodte ...». M .. 0.4 
liiopiHf . 84 6 Colour index .. (44) 

In spite of the presence of pisgioclase in appreciable quan¬ 
tity, orthoclase still exceeds albite in the feldspar. With 
further increase in the content of plagiodase at the expense of 
orthoclase, olivine-shonkinitc beooimes olivtno4non*onite. W. 
B. Brdggcr describes an olivine-montonite at Smalingen, 
Sweden, which has the following composition 

ortboclase . *0 biotite . 8 
andetioB .... 36 nugnetile ...- 3 
pyroxene . 85 apatite, etc. I 
olivine . 18 Colour index .(47) 

A similar type of rock occurs at Kentallen and a few other 
places in Scotland, and has received the name of " kental- 
leolte." According to J. J. H. Teall, the Kentallen rock is 
composed of divine and augite, embedded in a groundmass of 
biotite, plagioclase and orthod^ the last two approximately 
equal in quantity. 

W. E. Trdger gives the following mode for the original 
kcncalleniteorthoclase 3i2, plagioclase (Aou) 20, biotite 10, 
augite 34, olivine 23, rest 3; colour index 6S. Chemical analy- 
ds shows that (he proportions of Or and Ab are almost equal. 

Both olivine-shonkinim and divine-roonzonite are de¬ 
scribed by I. A. Brown, at Mount Dromedary, New South 
Wales. The normative composition of the monzonite is ortho¬ 
clase Id'S, albite 10-3, anorthiie 37-8, pyroxene 34, olivine 5-7, 
rest 4-9. Some of the potash which enters normative orthoclase 
is actually present in the form of biotite, so orthoclase and 
albite roust be nearly equal as in kentallenite. 

Shonkinitic rocks containing a liroci^amet occur at Podi- 
bah Lake, Onurio, in association with nepheline4)earing 
rocks. A. C. Lawson gave the name '* malignite” to the 
eotire series, but the writer thinks it preferable to use the older 
name dionkinite for the varieties that lack nepheltne. One 
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of these garnet-bearing shonkinites has the following very 
unusual composition (S. J. S<, 6)t— 

potash>feldspar .     39 
diopside (induding a little biotite and apatite) . D4 
garnet (andradite) .     4 

sphene .    3 
Colour index . (®1) 

F.-'^u»-Diorits, Sub-Anorthosite. xvyL, xvsl 

P«ralumtnOw5 Tyft 

The "plumasite" of Plumas Co., California, as described 
by A. C. Lawson, is a corundum-oligoclase rode, the propor¬ 
tions of these minerals being, in a typical instance, oligoclase 
88, corundum 16. Chemical analysis of the rock shows that no 
orthoclase is present at all. 

A rode described by Adams and Barlow under the name 
of " dungannonite” is virtually the same as l-awson’s pluma.v 
he. It consists of plagiociase ranging from albitc to andesine, 
which makes up 76 to 65 per cent of the rock, together with 
corundum, biotite, muscovite, calcite, magnetite and scapolite. 
Nepheline is sometimes present in addition, taking the rock 
over to the fcldspathoidal division of the undersaturated rocks. 

The corundum pegmatites of the Transvaal are also simitar 
to the plumasite of California. As described by A. L. Hall, 
they consist of plagioclase which varies from oligoclase to 
andesine (and is apparently free from potash, according to the 
analyses available), together with gray corundum and some 
biotite. Margarite and gibbsite are secondary products. The 
proportion of corundum is variable, but in an average specimen 
of reef Hall found it to be 46 per cent by weight, which is equal 
to 80 per cent, by volume. 

MtUiluminotLs and Subaluminous Typos 

The "essexite" of Brome Mountain, Quebec, was de¬ 
scribed by J. A. Dresser; it consists, to the extent of about 90 
per cent, of labradoriie or bytownile, with a little microperthite. 
The dark constituents are hornblende, augite, biotite, olivine, 
sphene, apatite and magnetite. 
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subtluminous type is very common. We saw in 
Chapter XV that a certain proportion of the norite of 
Sudbury is leuoocratic and falls therefore into the systenvatic. 
pi^eofwhole called lime-diorite. Similariy a good deal of cer¬ 
tain well-known bodies of olivine-^abbro and olivin^norile 
falls into lime sub-diorite in this system. This does not mean 
that the writer wishes to hear-Het us say—the Duluth gabbro 
described in future as the " Duluth lime sub-diorite." It only 
means that for the purpose of exact classification the more 
feldspathic gabbros are joined to the anorthosites rather than 
to the melanic gabbros. There has always been a boundary 
between " gabbro" and "anorthosite," and all that the writer 
seeks to do is to define that hitherto indefinite boundary by the 
colour index SO. In absence of any name that would command 
genera] acceptance, be has labelled this particular pigeon-hole 
*' lime sub^iorite." 

P. P. Grout has given a large number of measured modes 
of the Duluth gabbro, from which it appears that a good deal 
of this rock is leucocratic and falls into lime sulvdiorite. Out 
of 66 modes given by Grout, 17 are of this character; that is 
to say, they show pl^ioclase in excess of 70 per cent, with 6 
(o 16 per cent of oHvine, about the same of augiie, and a little 
ere. 

The olivine-norite of Sierra Leone also has such leuoocratic 
facies. A chemical analysis furnished by F. Dixey shows only 
06 per cent of femic minerals in (he norm, and a micrometric 
analysis by (he writer gave the following result: labradorite 74, 
olivine 14, pyroxene 7, magnetite 3 3; colour index 26. 

A. Harker has given the modes of some gabbros and 
dolerites of the island of Skye, and it appears that these, too, 
fall within the sub-diorite group of our system. A gabbro of 
the Cuillin Hills gave 80 per cent (by weight) of labradorite; 
16 of augite and olivine; 2 of ortho-pyroxene, and 8 of mag¬ 
netite. A dolerite near Portree was found to hold roughly 77 
per cent of labradorite, 11 <rf augite, and 13 of olivine and 
accessory minerals. 

G.—SUB-AKDSsmt. DVyL, OVjl, 

We have seen that olivine-gabbro is frequently leucocratic; 
the Sudbury gabbro, for insunce, has facies which are olivine 
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bearing and jrct contain over 90 per cent of feldspar; but a 
leucocratic olivine-basalt is a very uncommon thing. T. F. W. 
Barth reports that such rocks are non-existent in the Pacific 
basin, the nearest approach to this type of rock being an 
"olivine-oligoclase^ndesite ” described by H. S. Washington 
from Kohala, Hawaii. Judged by the norm this rock must 
have a colour index of about 83, so it is just excluded from the 
group. One or two “andesine-andesiies" from Etna, which 
have been described by Washington, Aurousseau and Keyes, 
must ha%^ a colour index close to 30. 

The writer has described a feldspar-rich basalt at Kijabe, 
Kenya, which has a colour index as low as 25. The mode is 
approximately:— 

plagioclaie f Insets . 
(grouAdmass 

xeolites . 
augiie . 
olivine . 
iron>ore . 
apatite . 

This rock has undoubtedly been enriched with ptagiodase 
either by gas-flotation or by gravity-floution (S. J. S., 3). In 
this respect It resembles the anorthosites, so it is right that it 
should fall into the same pigeon-hole in the classification. 

Basaltic lavas with an exceptionally large content of large 
feldspar insets have been recorded elsewhere; for instance, the 
“big feldspar basalts” of Mull, Scotland; but quantitative 
data are lacking. 

The “ MarkJe ” type of basalt, welt known in the midlands 
Scotland, is a highly feldspathic olivine-basalt. Judged by 

the only available chemical analysis the original rock from 
Markle Quarry, East Lothian, must have about 80 per cent of 
plagioclase containing slightly more albite than aoorthite. 

Some of the ” mugearite ” or oligodase-basalt of Scotland 
is also highly feldspathic. An example described by A. Harker 
has the following composition orthoclase 12-6, oligoclase 
67'5, olivine with subordinate augite and ore 26'5; apatite 8’S; 
colour index 80 (by weight). A. G. MacGregor issues a wam- 

36 (volume) 
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ing that rocks simil&r to mugearite may be produced by the 
albitUation of normal basalts. 

The lavas of Pembrokeshire to which H. H. Thomas gave 
Ibe name "marloesite” fall partly into this group. The feld< 
spar is albice-oligoclase and the colour index may be as low 

as 16. 

H.—SUB^ABBRO. XVyM^ XVtM 

Ptralvminous Typ« 

This type is represented by the “ kyachtymite " or corun- 
diuiwanorthosile of the Ilmen Mououins in Russia. J. 
Morosewics gives the following data for an example of this 
rockanortbite 88, biotite 10, corundum 47-5, spinel 3 to 4; 
colour index 63. The order of crystallixation was urcon, 
spinel, corundum, anorthite, biotite. 

Metaluminons Typt 

The ossexites of Norway, widely known through the work 
of W. C. Brdgger, are examples of metalumirtous sub^abbro. 

i-T. P. W. Barth (4) has furnished a number of modes of tfaese 
rocks (which he calls Osloessexite, to avoid confusion with 
other rocks to which the name essexite has been given). The 
range of composition is as follows 

tpiarts . 
aikali-feMspar 
plagioelaae . 
motite . 

0 to 3 
6 to 22 

2S to 67 
8 to 14 

hornblende . 0 to 8 
olivine ... 8 to 11 
ore, apatite . 4 to 10 

Colour index... (80) to (60) 

A rock that A. Knopf has called " alkali-gabbro," occur¬ 
ring at Huerfano Butte, Colorado, is very similar to these 
Norw^Uui essexites 

Potash feldspar . .... e Augite . .... 27-8 
Labradorite ........ .... 4M 
Biotite ... ... 11-3 

Colour index . .... (BJ) 

T. P. W. Barth (8) has described a number of hornblende. 
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olivine gabbros in Seiland, Norway. The following modes are 
typical> 

Plagioclase (An 46-60) ... .. Si £8 m 
K 

Hornblende . 5 90 38 
Augite .. .. 8 16 *0 
Ortho-pyroxene . 6 0 18 
Olivine . .. 18 6 18 
Spinel .. 8 — 

Colour Index . .. (38) (60) (76) 

The same type of rock has been described by C. O. Hutton 
at Lake Wakatipu, New Zealand. 

SubalumtiiOM Type 

Thp feldspar in these rocks is generally a calcic variety. A 
rock in which albite exceeds anorthite is the dolerito of the 
Prospect intrusion, near Sydney, New South Wales. This 
rock holds plagioclase of variable composition, but the mean is 
Ab4An,. The mode is given as follows by Jevons and col¬ 
leagues:— 

plagioclase .. 36 ilmenite and magnetite... 13 
tJtanaugite . 30 aocetsory and secondary S 
olivine . 10 Colour Index .(64) 

In the majority of cases the feldspar is labradorite to bytownite. 
The olivine gabbro of Pigeon Point, Minnesota, has the fol¬ 
lowing composition, according to W. S. Bayley 

labradorite (Ab4An«) ... 60 augita . 97 
olivine . 10 apatite, etc. .. 3 

Colour index .(40) 

In the oiivine-gabbro of Duluth, Minnesota, the composi¬ 
tion of the feldspar does not vary much from Ab,An, according 
to P. P. Grout. The normal proportion of olivine is about SO 
per cent; augite about the same amount; and ore about 10 per 
cent The plagioclase in the olivine-diabase of the Palisades, 
New Jersey, is also about Ab,An, (F. Walker), and the ooov 
posiiion of this rock is on the average plagiocliM 83, pyroxene 
40, olivine 92, rest 5; colour index 67. 

The plagioclase in the gabbro of TutuUa, Samoa, has the 
composition Ab,An,, according to R. A. Daly, and the rock 
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oohuins pltgiodase 45, augite 94, olhrine 26, ore and apatite 
6‘7; colour index 66. 

A still more calcic feldspar (AbiAn,) was recorded by J. E. 
Pogue in an oltvine-diaba« in North Carolina. This rock 
bolds plagioclase 46, augite 36, olivine 17, ore 2; colour index 
64. 

The plagioclase crystals in these rocks so commonly have 
a zonal structure that it is difficult to establish their average 
composition without chemical analysis. D. L. Scholtz otv 
serves that in the Insizwa norite of South Africa the composi* 
tion of the plagioclase changes according to the abundance of 
olivine, labradorite in the normal norite becoming bytownite 
in the olivine-rich troctolite phase. The mean composition of 
the Insizwa norite, according to Scholtz* dau, is about plagio¬ 
clase 48, ortho-pyroxene 17,-clino-pyrDxene 16, olivine 19, rest 
8; colour index 64. 

The name "eucrite** is sometimes given to gabbros in 
which the feldspar approaches pure anorthite in composition. 
The “allivalite" of A. Harker is an anorthiteolivine rock of 
which anorthite constitutes half or more; and *'harrisite ” is 
the oompkmentary type in which olivine preponderates. Such 
rocks are well developed in (he islands of Rum and Mull, Soot- 
land, and they differ from eucrite only by the virtual absence 
of pyroxene. Picotite or chromite Is a common accessory con¬ 
stituent. 

Melanocratic varieties of olivine-gabbro receive the name 
of picriie. F. Walker has shown that the accumulation of 
olivine crystals towards the base erf a thick dolerlte sill in the 
Shiant Isles, west of Scotland, has generated a ptcrite with the 
following composition plagioclase 96, augite 10, olivine 59, 
ore and zeolites 6; colour index 71. D. L. SchotU has de¬ 
scribed a similar phenomenon at the base of the Insizwa sheet 
and gives (he foilwing representative modes 

ptafioclaM . 
:i) 

.... K-8 
m 

18-0 ^■S 
ortho-pyroxese .... .... 14-0 11-0 46 
clino-pyroxene ... 7-8 6-S 8-1 
olivbe . ... «4 630 80-0 

Colour index . . {») (M) (90) 
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An extremely meUinocratic type, which is almost a peridcv 
tile, is the ‘‘cumbcrUndiic” of Rhode Island, described by 
Warren and Powers. This rock contains 30 per cent of iron, 
and was once mined for use as an iron ore. The mode is 

labradorite . .. 10 IS 
olivine (rich in iron) .... .. 40 . . »fl 
serpentine, etc. 9 S 

Colour index ...... ..'. m 

The name “ ferrt^abbro ” was applied by Wager and 
Deer to some remarkable rocks of the Sknergoard intrusion, 
B. Greenland. These consist of an intermediate plagioclase, 
together with a very iron-rich olivine (from 66 to 100 per cent 
fayslite) and an iron-rich dinopyroxene (from 46 to 70 per 
cent ferrosilite). 

I.—SU^BaSALT. DVyM, DVSM 

Mtialuminous Typg 

Lavas of this type seem to be scarce. V. M. Goldschmidt 
has described lavas of N.W. Spitsbergen which hold soda- 
piagioclase (Ab«An) together with tiuinaugite, olivine, ensta- 
tite, brown hornblende of late crystallization, ore and glass. 
These lavas are remarkable on account of the abundant nodules 
of enstatite, olivine, diopside and spinel which they carry. 

The original ** camptonite of Campton, New Hampshire, 
falls in this type. W. E. Trdger gives the mode as fc41ows:^ 
aoned plagit^ase 47, brown hornblende 10, titanaugite 8i, 
olivine 9, rest 8; colour index 63. For another camptonite at 
Lausitz, Saxony, Trdger gives this modet—zoned piagioclase 
(average Ab|«) 40, hornblende 19, titanaugite 84. olivine 9. 
ore and apatite 8: colour index 60. 

5«6ait(mtnowz Typ* 
Olivine soda-basalt is a fairly common type. It includes 

rocks that have been called andesine-basatt, kauaiite, kohalaite. 
T. F. W. Barth has given the modes of a number of these 
roclu from the Hawaiian islands. They have the appearance 
of normal basalts, with insets of olivine and sometimes of 
piagioclase, but most of them contain some interstitial alkali- 
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feldspar and there may be a little residual glass. The following 
inodes are typical:— 

{S) 
alkali-feldspar .. . ir 14 

plag-ioclase ... . 41 43 

pyroxene . . 23 89 

olivine ... 3 

ore ... . 8 n 

apatite . . 2 1 

Colour index ... r.m («) 

In the first of these rocks the normative feldspar has the com¬ 
position Or 8, Ab 34, An 19; in the second, Or 6, Ab 36, An 
17. 

Normal olivine-basalt with An>Ab is such a common rock 
that there is no lack of modes. Most of these rocks, when fresh, 
contain only the four minerals plagioclase, augite, olivine, and 
iron ore, with a little apatite. An average computed from 60 
published modes gives the following result I'-plagioclase 48, 
augite 29, olivine 18, ore 8; colour index 82. Excellent descrip¬ 
tions of oceanic basalts have been given especially by Cross and 
Washington for Hawaii, by A. Lacroix for southern Polynesia, 
and n most usefuf nummary of all HM t» known of the oomposi- 
rtoft of Pacific lavas by T. P. W. Barth. 

The proportions of the corutitiient minerals vary consider¬ 
ably. Examples of ultra-feldspathic basalts have already been 
given (page 438). Basalts with an exceptionally large content 
of olivine have been recorded in Hawaii by Daly; in Antrim, 
Ireland, by S. 1. Tomkeieff; and In Juan Fernandez by P. D. 
Quensel, the modes being given in that order:— 

fdagioclase . 
(1) 

.... W-7 
pyroxene . .... 37-0 17-6 37 
olivine .... 330 383 48 
ore, apatite . 63 4-1 8 
chlorite, aeolites . ... _ 96 _ 

Colour index. .... (64) (66) (77) 

Quensel has given the name picrite-basalt to these olivine>rich 
rocks; others have called them chrysophyric basalt. 

The pyroxene content is also highly variable. The Abys¬ 
sinian basalt named tokfite ” by Duparc and Molly holds 60 
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per cent of augite, and the ao^Alled " augitites ” of Kenya hold 
some 50 per cent (S- J. S., d). The “oceanite" of Rtiunion, 
named and described by A. Lacroix, contains according to 
Trbger's measurements 40 per cent of titanaugUe and Si per 
cent of olivine, with a colour index of 80. All these melano> 
cratic rocks are abnormal varieties produced by the accumula. 
tion of early>formed crystals under the influence of gravity or 
convection currents. 

When the norm of a basalt or olivme4>asalt is computed 
from a chemical analysis, it sometimes happens that a little 
nepheline appears in the norm although no trace of any feld- 
spathoid can be detected in the rock. If this was a rare occur- 
rence one might put it down to analytical errors, soda and 
alumina being more subject to error than any other rock con¬ 
stituents: but the same curious result has bMn got by many 
different analysts. The assumption has been made that the 
molecule of *' soda-anorthite,’' Na»AlaSitO«, is present in the 
plagioclase, or in other words that a certain number of atoms of 
Ca have been replaced by Na, in the plagioclase structure. For 
lavas showing this peculiarity T. F. W. Barth has proposed 
the name “ pacifiette " although they are not restricted to the 
Pacific or even to the ocean basins. 

J.—Peridotits and Other Hypermeianic Rocks, xvh 

The most general name for a rock composed almost wholly 
of dark minerals, including olivine, is pmdoftfa; when the 
olivine is unaccompanied by other silicates (except in trivial 
quantity) the name duaite is used. There is no general name 
for meliiite rocks, but the only known example of a melilit^ 
pyroxenite has received the name UHCompahg^4. Pyroxenites 
which carry an unsaturated garnet (usudly melanite) are very 
uncomnx)n rocks; the name cromaliiu has been given to a 
rock of this type in the north of Scotland, which is a product 
of reaction between alkaline magma and limestone. 

if4lalumincus Tyft 
H. S. Washington has described a hornblend^rich perido- 

tite at Bahia, Brazil, with the following simple composition 
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hornblende . 91-8 
olivine .. 
magnetite .. .. 6-1 

In the hornblend6*pertdotite of Plumas Co., California, 
described by H. W. Turner, hornblende is quite subordinate to 
olivine. This rock holds:— 

olivine . 46 hornblende . 19.6 
serpentine .   63 magnetite . 1*4 

A micarrich peridotite, which is comparable with the 
micaceous type of kimberlite, is described in Arkansas by Miser 
and Ross. The mode is 

pblogopite .. 86 augite .   6 
. olMnc ) perovakite . 1 

serpentine j. magnetite .1. 9 

Mica is also a large constituent of the “scyelite" which 
was described by J. W. Judd in Caithness, Scotland. It con* 
tains:— 

hornblende .. M-8 serpentinised olivine .... 39 
mica . 18-6 magnetite, etc. ..  1 

In the next four examples, pyroxene is an important con* 
stituent in addition to hornblende or mica. The first is a peri* 
dotite of Tanganyika, East Africa, described by R. T. 
Bridges:— 

biotite . 17 olivine .  16 
hornblende . 37 magnetite . 9 
augite . 98 

G. W. Tyrrell describes a roetaluminous peridotite near 
Ayr, Scotland, which has the following mode:— 

olivine . 66-9 bratite .   9-0 
titanaugite .   90-6 ore . 9.3 
hornblende . lO-O 

A hypersthcne-bcaring example is described by H. S. 
Washington at Bahia, Bratil; it forms the outer facies of an 
inifu«ve body, the core of which is the hornblende peridotite 
described above. The mode is:— 
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hornblende . olivine . 7-6 

hyperethene . 69-4 spiod .1’ 3.® 

The “ yamaskite ” of Rougemonc, Quebec, is a pyroxene- 
rich peridotite with a small content of anorthite. J. J. O’Neill 
gives the following statement of the composition of yama- 
skite:— 

anorthite . S-1 hornblende . 8'8 

»“K'‘e . rO'7 biotite . 0-6 

okvine . 13-4 ©re . 0-5 

In a pyroxentte described by Cross and Larsen at Iron 
Hill, Colorado, the only unsaturated mineral is perovskite. 
The proportions are pyroxene 75, biotite 10, perovskite 5, 
apatite 6, magnetite 6. 

Rocks which contain melilite, with or without olivine (and 
of course without feldspar or feldspaihoid) have their place 
here. The most remarkable of these rocks is the " uncom- 
pahgriie of E. S. Larsen and J. F. Hunter, from Gunnison 
Co., Colorado. This is a coarse-grained rock, about two^hirds 
of which is melilite. Crystals and grains of pyroxene, mag¬ 
netite, perovskite, apatite, biotite, and calcite are enclosed in 
large crystals of melilite which are sometimes as much as a foot 
in diameter. The second mineral, as regards abundance, is 
generally perovskite. The melilite crysuls alter into a fine¬ 
grained aggregate of garnet, diopside, and vesuvianite. This 
is one of the very few eucrysialline rocks which contain melilite. 

5u5alummetts Typt 
These rwks consist largely of olivine and various 

pyroxenes, mica and hornblende being either absent or present 
only in trivial amount. The typical “ dunite " of Dun Mourw 
tain, New Zealand, is almost a pure olivine rock, grains of 
chrome spinel and rare crystals of diopside being the only 
other constituents (Bell, Clarke and Marshall). It is ass<> 
ciated with various pyroxene-bearing perldotites and with 
pyroxenites. 

A r^arkable porphyritic dunite has been described by A. 
Harker, in the island of Skye. It has large crystals of olivine 
set in a groundroass of smaller olivine grains and octahedrons 
of picoiite (chrome-spinel). Afwther dunite of very simple 
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oomposition is recorded by T. K. W. Bartb at Seiland, Nor¬ 
way; it cotktains 88 parts of olivine and 11 of spinel, with a 
mere trace of pyroxese. 

OUviae rocks are often rich in oxidic or .sulphidic ores. 
M. K. Palmunen describes an “ ilmenit^magneiite olivinite" 
at Susimliki, Finland, which carries a third of its weight of iron 
oxides. The olivine is itself richer than usual in iron, being 
about FoMFa4„ and a little brown hornblende is present. The 
mode is:— 

olrvine . SO-S (by weight) ilmenitc | 
hornblende dO magnetite j. 
spinel . 0-3 sulphides . 0*3 

A pyrrhotit^pcridotiie has been described by E. S. Dastin in 
Knox Co., Maine. It holds 60 per cent of olivine, 23-6 per cent 
of pyrrbotite, 10 per cent of magnetite, and small quantities ol 
labradortte, hornblende, biotite, spinel and copper pyrites. 

An unusual variety of peridotite or dunite is found in the 
Transvaal, in addition to the ordinary magnesian kind. This 
rode is dark brown in colour and remarkably dense, owing to 
(be high lroiH»>ntent of ^e olivine which has approximately 
the eompoettf^o PoiFsi- P, A. Wagner gives the following 
tnodej— 

olivine (Fo,Fa,) . 33-8 hornUande .. 1*5 
diopeide . 6-0 ore . 0-3 

Perhaps the commonest type of peridotite is (hat which 
contains ortho-pyroxene along with olivine; the name " han- 
burgite " is given to such rocks. Harsburgite forms a facies ol 
nearly every important body of olivine rocks, such as Dun 
Mountain, New Zealand; (he Great Dyke of Rhodesia; the Ser¬ 
pentine 6^ of New South Wales; and the peridotites of the 
Ural Mountains. A barzburgite from the Bushveld complex, 
Transvaal, has the following composition (P. A. Wagner) 
plagiodase 5, diopside 4, bronzJte 82, olivine 47, chromite 6, 
iron ore 7. 

The Lherz type, or Iherzothe, contains both ortho-pyroxene 
and diallage. W. E. Tri^fer gives the following data for the 
origmal Iherzolitc of the Pyreneesolrvine 60, bronzite 83, 
dlallage 15, ore 3. 
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p4TatkttKn4 Typ« 
Two examples of melanite-pproxenUe may be (pioted here. 

The first occurs in Assynt, Scotland, and was described under 
the name of "cromaltite" (S. J. S., 9): the second is a mar- 
erinal facies of the Ice River alkaline complex in British Colum¬ 
bia fj. A. Allan). The modes are 

9od«-diepslde . 
n) 

. 519 
w 
65 

melsnite . . 15< 5 
bkxite .. ...... 16-5 _ 
•phene . 16 
ore .. . 5-2 5 
apatite ... . *n 10 
rest . . 6-6 r 

K.—Mblilitr-Basalt, KntBKRLiTe. dvh 

Dyscrystalline rocks correspondin^r to peridotite are little 
known; the nearest are the melilite-basalts and the dyke-ser¬ 
pentines. The melilit^basalts are dark, heavy rocks like fine¬ 
grained basalt, usually with a shiny surface due to abundant 
grains of ilmenite. Larger crystals ilmentte and olivine may 
give the rode a porphyritlc appearance, and in the variety called 
alndite there are conspicuous plates of brown mica. Melilite is 
confined to the groundmass, along with augite and perovskite. 
Partial modes of some Sbuth African melilite-basalts have been 
furnished by M. S. Taljaard, as follows:— 

ni fn m 
Olivine . 28 5 825 SI-8 
Aurlte . 28 0 80 5 27-4 
Mdilite . 182 146 162 
Peravskite . 4-0 1-0 5-2 
Iron ore .  9-2 16-2 14-5 
Irresolvable . 19-0 6-2 6-8 

The alndite of AlnS. Sweden, is a micaceous type of meli- 
lito-basalt which has many insets of blotlte, together with 
titanomagnetite, pyroxene, olivine and apatite, in a groundmass 
of mica, melilite and calotte. Perovskite. chramite. pvrrhotite 
and melanite are present in some cases fA. C. HSgbom). The 
rock is very variable in composition, but TrSger gives the mode 
of one example as follows:-—melilite 38. biotite 30, augite 17, 
olivine 6, ore, perovskite, carbonates, etc., 16. 

3“ 
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The atnSite of )!e Csdieux, Quebec, contains the same 
minerals as the Swedish alndite, with the addition of scapolite 
and moniteellite. N. L. Bowen has given the following 
(node }-^ 

■ biotite ...... SO (bjr weight) melllite . S 
montieetlite S6 perovtlrite, ore . 7 
olivine . 16 carbonates . 6 
augite . 10 

Kimbtrlitt. the “ blue (ffound ” of the South African 
diamond fields, is usually described as a " serpentinixed por* 
phyritic peridotite," but it is clear that even in its freshest 
condition it was never a eucrystalline rock. It is a dark 
greenish-black rock which for tlie most part is obviously a 
breccia: it encloses angular lumps and fragments of shale, dia¬ 
base, quartzite, gneiss and granite, also rounded boulders or 
nodules of pyroxenite and garnet-pyroxenite (griquaite). The 
groundmass in which these lie is a scarcely resolvable mixture 
of serpentine arul carbonates* with grains of more or less com¬ 
pletely serpentinixed olivirte. others of pyroxeaei, gnrnei, 

pefovaUt*. scalts of biodte, and amorphous decode* 
pQalBM*{iMdbQtt. TbeamalleroffrbMotRSdMSktbe perovskite, 
and the chromite are Idtemorphlc, but the large olivines, the 
garnets aad the pyroxenes are always rounded and have been 
deeply corroded by the magma. It is concluded that the 
pyroxenes and garnets, and perhaps part of the ilmenite and 
olivine, arc foreign bodies that have been derived from the 
enclosures of pyroxenite and griquaiie; and that the endo¬ 
genous minerals of kimberlite are olivine, serpentine, biotite. 
ilmenite and perovskiie (S. J. S., 4). Since these minerals are 
fwarly frtc from lltne, and all chemical analyses of kimberlite 
show 15 per cent or more of calcium carbonate, we must con- 
dude that in an earlier sta^ of its history kimberlite contained 
some easily decomposed lime mineral. Considering the 
dated minerals, melillte is at once suggested. No fresh melllite 
has been identified in any South African kimberlite, but C. H. 
Smyth was able to identify it in one of the dyke-peridotites of 
New York Slate, which are the rocks that most closely re- 
semble kimberlite. The conception that kimberlite Is a highly 
altered mdilite-basalt was first put forward by H. C. Lewis, 
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and it has been supported in a recent study of the question by 
M. S. Taljaard. 
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A.—Mineralogy 

The feldspar that occurs in this group of rocks includes 
every variety from the most potassic microclinet as in certain 
foyaites of the Transvaal, to pure albite, as in the canadite of 
Ontario, and to almost pure anorthite as in some of the leucitic 
lavas of the Roman region. Nepheline and the other soda> 
feldspathoids are associated particularly with soda^orthoclase, 
anorthoclasc and albite, and even in the group of nepheline- 
plagioclase rocks the feldspar i$ not usually more calcic than 
medium labradorite. Leucite may be found in conjunction 
with a purely potassic feldspar, as in the Leucite Hills of 
Wyoming, and sometimes with a more or less sodic orthoclase 
or sanidine, but not with albite or soda-rich plagioclase. When 
leucite occurs together with plagioclase, the latter is always a 
calcic one, from labradorite to anorthite. The explanation 
may lie partly in the relatively low temperature of soda-rich 
magmas and partly in the greater stability of orthoclase than 
of albite when silica is deficient. 

When the proportion of nepheline in a rock is small, the 
mineral crystallizes late and occupies the interstices between 
the feldspar crystals; when it is abundant, nepheline forms 
beautifully idiomorphic crystals which may either be enclosed 
in large feldspar ubles or separated from each one another by 
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thin pistes of feldspsr. Sodsiite too may crystallize early and 
appear as little dodecahedrons entirely endo^ in feldspar, or 
It may be ioterstkial, or again it may form extremely irregular, 
braacbing masses that seem to repl^ feldspar. Analdme too 
behaves in this contradictory way, sometimes forming euhedral 
insets, sometimes filling angular interstices between the feld* 
spars, and sometimes replacing feldspar. Cancrinite, when it 
is abundant, always replaces nepheline; only in a few instances 
has it been record^ as a primary constituent of rocks. 

Leucite is entirely restricted to lavas and near-surface 
rocks. The missourite of the Highwood Mountains, Montana, 
is often dted as a plutonic rock, but it occurs in a volcanic 
plug and is at most hypabyseal. The Ieudto>iheralitc de¬ 
scribed by Bowen and Ellestad, in the Lake Kivu r^ion, is 
also regarded as a remnant of a volcanic plug. In most lavas 
leucite is a mineral of very early crystallization, yet in some 

■of the lavas of the Lcudie Hills, Wyoming, the only visible 
crystals are of diopside and imea, and the leudte is retained 
in the glass base. 

Orthoclase melts inoongruenily at lliO* ± 20* (Schairer 
aod Bowen), giving leucite and a siliceous liquid. If a lava rich 
in orthoclase began to crystalUie above that temperature and 
were then chilled rapidly, it would give rise to a ro^ consisting 
of crystals of leucite in a glassy matrix containing an excess of 
silica. TbLs abnormal condition is realized in some of the rocks 
of the Leucite Hills, and the same condition lias been observed 
in the newly discovered leucite rocks of the West Kimberley 
area, Western Australia (Wade and Prider). 

In soda-rich rocks the place of leucite is uken by 
** pewido-Jeudte." This name is given to certain aggregates, 
having the shape of irepeaoliedral crystals such as those of 
leucite and analdme, which have been found especially in 
hypabyssal rocks of syenitic or foyaitic character. The chief 
constituent of the aggregates is orthoclase, with which there 
may be associated either nepheline, white mica or zeolites. 
To account for the generation of these aggregates It has been 
supposed that a somewhat sodic leucite has broken down 
according to the equation 

2(K,Na)AlSi,0,= KA]Si,0. + NaAlSiO* 
(leucite) (orthoclase) (nephdine) 
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But Bowen and Ellesud have thrown doubt upon the existence 
of soda-rich leucite; tliey cJaim that pousb in leucite is re¬ 
placeable by soda only to a very limited degree, and for 
the development of pseudoieucite it is necessary for the leucite 
crystals to react with the residual liquid, which contributes 
the necessary soda. They have described a leuciiophyre of 
central Africa in which the insets of normal potash-rich leucite 

Na«0 1'8%) have developed mantles of orihoclase 
^ and ncpheline, tJius clearly demonstrating the action of a 
soda-rich liquid upon the potash-rich crystals. 

H. S. Washington (2) made the suggestion that 
pscudo-leucite is nu a pseudomorph after original leucite, 

but represents a distinct soda-potash mineral, as yet unknown, 
which was not stable under the conditions following its period 
of crystallization." Larsen and Buie have since found a 
potassic variety of analcime (K,0 in dyke-rocks of the 
Highwood Mountains, Montana, in association with leucite 
rocks; both analcime and leucite are partly transformed into 
orthoclasc and zeolites, hence Larsen and Buie conclude that 
pseudo-Jeucite may be formed •* by the unmixing of either 
soda-rich leucite or potash-rich analcime." 

A very remarkable example of " pseudo-leucite " was re¬ 
corded by E, Hussak, from Serra de Caldas, Brazil. The 
pseudomorphs have a narrow mantle of orthoclasc latlis, within 
which they consist of orthoclasc and ncpheline with a little 
spinel, corundum and pyroxene. They lie in a matrix of 
orthoclase, quartz, and a little bioUte or sgirine. Quartz is 
never found in the pseudomorphs or nepheline in the ground- 
mass. In another rock from the same locality Hussak found 
both large pseudo-leucites of the usual sort and microscopic 
crysuls ^ analcime; he concluded that both are pseudomorphs 
after leucite, but that the large pseudomorphs were formed under 
intratelluric conditions and the microscopic ones by the action 
of water after crystallization had been completed. The pseudo- 
leucites of Brazil have lately been describ^ and illustrated by 
D. Guimaraes. 

Another type of " pseudo-Tbucite" consisting of ortbe^ 
close and muscovite has been described by A. Zavarickij in 
alkaline rocks of the Ishim River, West Siberia. The follow- 
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ing reaction is suggested 
aKAiSi,0. + COt * H.O -SKAlSi.O. + K.H^l,Si,0„ K,CO, 

(IctMUtej (orthoclase) ^muscoviw) 

The dark mtaarais of the feldspatboidal rocks include both 
saturated and unsaturated specres, hence there are few ex¬ 
clusions. Muscovite is scarcoj but it occurs along with 
corundum and biotite in the nepbeline rocks of Canada. 
Biotiie is the principal dark mineral in the Canadian occur¬ 
rences and it is important in the Ural Mountains and Madras, 
but in the larger lojraite bodies biotite is quite unimportant 
and frequentlx abeeiit. Even tourmaline is a constituent of 
oertain very coarse nepheline-pegmatites on the York River, 
Ontario. 

Many varieties of ampbibole occur in these rocks, especi¬ 
ally the sodic amphibolcs arfvedsonite, riebeckite and hast- 
ingsitc, the dark brown barkevikite, and the related senig- 
matite or oossyrite. These soda>amphiboIes have often been 
formed at the expense of earlier pyroxenes, and one may 
observe crystals of diopside or mgLrine partly transformed into 
blue ampbibole. But although individual occurrences of 
ampbibole are common enough, the characteristic mineral of 
tbe Mdspathoidal rocks is not amphibole but pyroxene. This 
ranges In composition from pure legirine through more and 
less sodic varieties of diopside and hedenbergite, or diopside 
with sodic mantles, to common augite and deep purple titan- 
auglte. On the whole the more sodic pyroxenes are associated 
with nepbeline, and leucile with the less sodic varieties. 
Titanaugtte may show the unusual character of an excess of 
calchiffl atoms over magnesium atoms. The type of pyroxene 
in which magnesium exceeds calcium (the enstatitc-augite 
series) is characteristically absent from feldspathoidal rocks; 
invariably so from nepheline-bearing rocks and usually so from 
leucJte rocks. No orth<^pyroxene has ever been recorded in a 
feldspathoidal rock. 

Olivine of the usual basaltic character is common, especi¬ 
ally in the more melanic lavu. MelUite is scarce, but if is 
fairly often recognized in leucite rocks of low silica content. 
The lime-garnet, melinite or schorlomite, is a not uncommon 
associate of both nq>heline and leucite, especially in regions 
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where limestone occurs. In deep-seated rocks it is a mineral 
of late crystallization, seldom showing its characteristic crystal 
form. In the original ijolite of Finland, and in rocks oi the 
same character in Sweden and South Africa, melanite has 
crystallized after every other mineral except cancrinite, and in 
the melanite rocks of north-west Scotland it has crystallized 
after pyroxene and usually after biotite. Yet in certain 
effusive rock»—trachytes, phonolites, nephelinites and leucU 
tites—melanite appears in teautifully idiomorpbic crystals and 
seems to have bMn one of the earliest minerals to crystallize. 

Sphene is unusually abundant in many nepheline rocks, 
as at Ice Kiver, B.C.; Beemervilie, New Jersey; and Seku- 
kuniland, Transvaal. Certain foyaites at Umptek, Kola, hold 
nearly 60 per cent of this mineral. Apatite is another common 
accessory mineral that reaches an extraordinary concentration 
in many nepheline rocks, the outstanding locality being 
Umptek, where enormous bodies of nephelinc-apatite rock are 
exploited commercially. Concentration on a smaller scale is 
conspicuous in Aind and Sekukuniland. 

Many rare species containing especially titania and xir- 
conia are found in nephelirve rocks. Among the titanosilicates 
there are astropliyllite, lamprophyllite (molengraaSite), mos- 
andrite, besides perovskite and knopite. The zirconosilicates 
include eucolite (eudlalyte), caiapleiite, rosenbuschite, woh- 
lerite, lavenite. 

B.—Classification and Nomenciaturb 
With a large number of light minerals present, the rational 

subdivision of this group becomes a difficult matter. Even if 
all the soda-feldspathoids (nepheline, sodalite, haiiyne, nosean, 
cancrinite and analcime) are grouped together in opposition to 
the potash-feldspathoid (leucite), that leaves us still with two 
kinds of feldspathoid in addition to the usual three kinds of 
feldspar. As regards the feldspathoids, a sharp line of division 
can be drawn between rocks which contain leucite and those 
which do not; and since the inrersion point of orthoclaso- 
leucite falls within the range of magmatic temperatures, it is 
important that such a line should be drawn; but no such pre¬ 
cise separation can be effected with reference to the kind of 
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fHdsper prtsent. If «« condnue our forirwr practice of com- 
parti^ the ratio of orthoclaae to anorthite mofecules in the 
feldspar, tfae ttaalts will not be comparable with those reached 
in the earlier dassea, for in many lavas a large part of the 
potash la present in leucite instead of orthoclase. It thus bo- 
eooMa moessary to re|riace the orti)oclasei>anorthite ratio by the 
ratio of eflhoc^«-i-ls««»r« to anorthite. This gives ua the fol* 
lowing primary classification:— 

Group l.-Or+U>Aa (a) Leucitc present ISymboi a) 
m) Leucite absent rSymbol 

Group ll.-Or-f Le<Ao (a) Leucite present iSymbol yS 
(b) Leucite absent (Symbol ij 

The symbols *, y, 9, now have a slightly different mean* 
ing from that wbi^ was attached to them in the more feld- 
^thic classes, but a still indicates a dominantly potassic 
^aracter, a dominantly sodic character and i a dominantly 
calcic character in the light minerals. 

For the first group, when eucrystalline, the general name 
of sytnoid will be us^. This name is derived quite legiti¬ 
mately from syenite, just as feldspathoid is derived from feld¬ 
spar i but petrographers who tolerate so many uglier and less 
juadfiable rock-namee have not made use of it. The writer 
finds It useful and itwffensive. For those who dislike it the 
alternative is “ feldspathoid-syenite." For Group 11 the cor¬ 
responding term would be either dioroid or gabbroid according 
to the cdour index. 

For lavas of Group 1 the name ItueiU-pkonclila is avail¬ 
able. The typical pbonolite, however, is a leuoocratic rock, 
and many members of this group are mesotype or melano- 
cratic. With increasing colour index it is the content of 
alkali-feldspar that diminishes rather than the content of 
leucite, so we may find the melanic equivalents of Icucite- 
phonolite among the lanciitlar and Itucii444phrit4s (the former 
almost free from feldspar, the latter containing plagioctase) or 
the corresponding olivino-bearing types, and 
UuciU-bcsanitt. There is no single name which could be used 
to cover all these mdanic leudte-phonolites. 

As regards Group Ila, the number of rocks known to fall 
in this group is so small that we can dispense with group 
names for the present. 
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C.-^LtUClTE-SvENCTC AND RELATED KOCKS. XU«>, XW« 

The only known example of an intrusive eucrystalline rock 
containing unaltered leucite, if we exclude ejected blocks like 
those in the agglomerates of the Alban Hills and Monte 
Somma, is the “ missouriie’* of the Highwood Mountains, 
Montana. This is a subaluminous to metaluminous rock for 
which Weed and Firsson gave the following mode:— 

Icudtc . .... 16 (weight) augile . . 6U 
. 16 
. 6 

biotite . . 6 Colour index . .(«) 
The “halite" and " missourite" described by H. S. 

Washington (3) occur in the form of ejeaed blocks in 
agglomerate at Villa Senni, Alban Hills. The largest block 
measured only 60 cm. and there is no certainty that any body 
of rock of similar composition underlies the volcano; it seems 
possible, from the deKription, that these blocks are merely 
facies of the normal leucitiie of the Alban volcano, which have 
been locally enriched with leucite by flotation or otherwise. 
The following modes were given by Washington. 

MitUtriU 

leucite . dS-S 49 
haQyne . T6 2 
biotite . S 4 
melantle . *6 '6 
augite . 80 48 
magnetite, apatite 1-0 1-6 

Colour index ... (6) (49) 

ftralkaiins Tyft 
A holocrystalline porphyritic rock containing large trape- 

zohedral pseudomorphs, supposed to be derived from leucite, 
was described by J. F. Williams at Magnet Cove, Arkansas. 
The pseudomorphs consist of orthodase, nepheline and can- 
crinite; the groundmass holds nepheline, orthodase, pyroxene, 
garnet and biotite. Assuming that the pseudomorphs were 
originally leucite, H. S. Washington (1) works out the com¬ 
position of the rock as follows 

orthodase . 8-9 (weight) diopside and •girioe ... 19-S 
leucite . 96-9 melsnite . 14-6 
nepheline . 86-6 Colour index . (84) 
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L. V. PirssoQ gave the name " fergusite " to a rock in the 
Highwood Mountains which contains 65 per cent of pseudo* 
leuciie, 94 of sodaHjiopskle, 8 of ore, and trifling amounts of 
olivine, biotite and apatite; colour index 86. Another occur* 
rence of fergusite has since been described by V. Nikolajew in 
Turkestan. Two modes are given, as follows:— 

orthoclase . 462 870 
nephcline . 
ortboclaae and Dcphcline iaterfrowths .... 97 7-0 
<odk diopaide .   28-6 12-0 
biotite . 12-8 
ndaiute .   4-1 10-8 
rest . 2-7 8-5 

Colo^ ii^ex . (86) (89) 

D.—Laucrr^PHONOLiTS and Rslatsd Rocks, dus, dw« 
No peralumiaous rocks are known in this group. 

AfsloiuminoiM Tyfe 

The first three illustrations relate to rocks from the vol¬ 
canic region about Rome; they have been described by H. 5. 
Washingtm (4) under the name of leucito-trachyte. In our 
teminol^y they are leucite-phonolites. 

•oda-orthodaM . 
<11 

. 39^ 
(8) 

8tH) 
labradoriie . . 17-6 le-s 248 
leudte . . 81-4 16-9 15-7 
oephelinc ... _ 09 
luMCe ... . 2-8 87 23 
augite . 19^8 18-8 
magnetite, apatite ..... .... 3'9 4-8 34 

Colour index . . (11) (18) (27) 

The next two rocks are also from the Roman region; they 
carry more plagiodase than onhodase, for which reason 
Washington (4) has called them leuctte-iephrite. They (all 
just on the boundary between the leucocratic phonoUtes and 
the mesotype lephrites. 
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soda*orthocU*e (Or^b,) 26 0 (Of,Ab,) 10-5 (weight) 

labradorite (Ab^Dg) 28^ (Ab,An,) 26-1 
kttcite 16-8 29^0 
nepheline 1-0 28 
biotite, hornblende 3^ 20 
augite 16-8 2l< 
olivine 20 8-0 
magnetite, apatite • 70 8H> 

Colour index (28) (81) 

In the curious rock which W. Cross has named " mad* 
upite,*' from the Leucite Hills of Wyomini;, no leucite is 
developed at all, and the rock consists of diopside, phlogopite 
and a little perovskite in a glassy base which has the chemical 
composition of leucite. If the magma had crystallized com¬ 
pletely, this rock would have been composed of: 

leucite . diopside . .... 481 
8-2 

phlogopite . . 188 Colour index .... ... (78) 

To the metaluminous type we must add the melUite-bear- 
ing leucitites, for which H. S. Washington (4) has proposed 
to revive the old name eeciliU. The composition, in a simple 
case, was leucite 60, augite 20, melilite 16, magnetite 2; colour 
index 40. In other instances described by Washington (here 
are small amounts of nepheline, olivine and anorthite in addi¬ 
tion. In a “ nepheline-melilite rock '* from the Alban Hills 
Washington (3) found leucite 19, nepheline 40, melilite 40, 
haOyne 1, melanite 4, augite 2, apatite 1; colour index 47. 

A melanocratic rock of this character has been described 
by A. Holmes (2) under the name '* katungite.” The calcu¬ 
lated mineral composition is leucite 16, melilite 40, olivine 22, 
perovskite 7, magnetite 6, nepheline and rest 9; colour index 
76. 

5u6afufnmoiu Typt 

The following examples are leucite phonoHtes from (he 
Roman region 
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soda*ortfaodaie . . &’7 S.2 
« 
22-2 

labradorite .. ....... 11-8 2(hl S56 

leudte .. 1-7 258 
naphenne . . 38 49 — 
aujpte .. . 89 131 9^1 
O&vine . . M 17 »8 
magnetite, apatite 

Colour index .. 
. 8-7 
. (16) 

4-2 
(19) 

8-8 
(17) 

Some of the lavas of the Roman region are largely com* 
poeed of ^asa. The apparent composition of two such rocks 
la given below, and it is followed in each case by the calculated 
conpoaidon, obtained by chemical analysis. 

(eS/wwiO [»hi*r9td) (reCrote/*/) 

seda-ortbocUae . 1*1 48-3 1-1 47-8 
Ubndorite . 29 18-3 14-1 19-9 
leudte . 168 IfrS 88-t 172 
nepheiifie . — 8-6 — — 
utpte . 49 6-2 1-4 82 
or* .   1-4 9-9 — 5-4 
froaodmast . 78-1 — 45-3 — 

Colour index . (10) (14) 

The following examples will serve lo show the range of 
rsriadon among the leudte^ephzhes end leutdte-bfMoites of 
the Roman r^ion. All are described by Washington (i). 

•oda*orthoclaM . ... 88 _ 

labradorit^anorthite ... ... 189 14-1 10-8 18^1 
leudte . ... 39-2 38-0 823 173 
nephdine .. 8-3 8-1 3-4 3-4 
aii^U . ... 394 41-0 471 480 
olMna . — 49 4-0 169 
reagoetlie, apatite ... 

Colour index . 
. 57 

(86) 
0-6 

(48) 
21 

(88) 
23 

A. RIttmann has given a number of modes of Vesuvian 
lavas which are entirely comparable with those cited above. 

Peraikdline Tyf* 
For the pyroxerte In a leucrte ro^ to be a sodic one is 

distinctly uncommon, but Washington (4) gives two examples 
from the Roman region in which the usual augite is replaced 
by a bright green " sBgirine*augite (soda*diopsUle), 
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•oda-ertboclase . 19-2 
labradorite . . — 7-0 
leucite . .. 18-4 870 
nepheline . . 4-7 11-7 
haOyoe . . H> IbO 
»oda-diop«idc . 11-5 
mdanite . 20 
biotite . 1-8 
ore, apatite . . 4-6 b3 

Colour index . . (12) (16) 

Washinf^on described the first rock as leucit^ phonolite, the 
second as leucite-tephrite, but both rocks are strongly alkaline 
In character and both should be called leucit^phonolite. 

The leucii^phonolite of Perlerkopf, in the Eifel district 
of Gerntany, contains leucite 80, nepheline 80, soda-diopside 
83, melanite and sphene 8{ colour Index 40 <R. Brauns). 

E.—NRpmLfKB-SvBNms and Related Rocks, xu^, xw/9 

These rocks contain a soda-feldspathoid which is generally 
nepheline but sometimes sodalite, cancrintte or analcime, with¬ 
out any leucite. In this group the tendency to sub-divide and 
to create specific names has been carried to extreme lengths, 
over forty names being in use for the eucrystalline varieties 
alone. Most of these names are unnecessary, and all lack 
quantitative definition. 

It will be sufficient for our present purpose to divide (he 
syeooids into two series, one in which alkali-feldspar is 
abundant and another in which feldspathoids greatly exceed 
or entirely replace feldspar. The characteristic members of 
the first series are teucocratic, and from the many names In use 
we select foyaiu (derived from the typical locality at Foya, 
Portugal) as a generic name. For mesotype varieties of this 
series (he ttame mali/[nitt (from Maligne River, Ontario) is 
suitable. Most examples of the second series are mesotype, 
and from their occurrence on a large scale at Ijo, Finland, 
they are known as ijolitt, while the less common teucocratic 
varieties have receiv^ the name of wrtita (Lujaur-Urt, Kota). 
When we consider the melanocratic syenoids, the separation 
of the more feldspathic from the less feldspathic varieties 
ceases to have much significance, for the light minerals form 
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the minor part of the rock; the name jacupirangiU {from 
Jacupiranga, Brazil) is ther^ore suitable for all such rocks, 
no matter what the proportion of feldspar to feldspathoid maj 
be. 

Parafttwiitowi Typ« 
The soda>syeiK>ids of Ontario are mostly peraluminous, 

and some of them contain corundum. The feldspar is always a 
very sodic variety, partly albite and partly soda^orthoclase or 
microperthite. P. D. Quensel has proposed to give the name 
**canadite" to all alhit^rich foyaites, but since there is an 
excess of albite molecules over orthoclase molecules In nearly 
all foyaites, the distinction is not a very significant one. (It 
would be much more useful to make canadite a generic name 
for all peraluminous foyaites, to distinguish them front the 
commoner peralkaline type.) Two analyses of the foyaites of 
Ontario are gh-en below, after Adams and Barlow:— 

orthoclase . 
til 

16*1 (weight) 
m 

44 
albite . 53-4 $0-8 
anorthite .. 18 1-2 
oephelioe .. 18>3 80 
imseavitB .. . 8-0 ' 
biotite .... 18 298 
ore. apatite, ealciie. 0-9 44 

Colour index . . (10) (SI) 

Others of the Ontario syenoids have nepheline in large 
excess over feldspar, and belong to the urtiie division. The 
first of the following examples is from Craigmont (Adams and 
Barlow), the second from Monmouth (W. G. Foye):— 

albite . 
(If 

otigodase . .. 29-7 (weight) _ 
nepheline . . 882 56-7 
tcapolile . l(h2 
musco^te . . 44 _ 
biotite . . 0-5 225 
corundum ... . 0-8 _ 
rest ... . 1-5 1-4 

Colour index . . (7) (23) 

The foyaites of Litchfield, Maine, and Salem, Massachu¬ 
setts, are remarkably similar in composition, according to 
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dau furnbhed by W. S. Bayiey and H. S. Washington 
respectively. The figures are 

liuifuU ScUm 
ortboclase . .... 270 27 

albite ... .... 40^9 48 
nepbellne . .... 170 20 
caocrioite . .... 20 1 
biotite .. .... 89 6 
accessory . .... — 8 

Colour index .. .... (7) (9) 

The peraluminous type of foyaite is also found at Ditrd, 
Hungary, and Miask, Ural Mountains, along with roetalumin* 
ous and peralkaline types; but quantitative information is lack> 
ing as regards both the bulk and the composition of these 
types. 

MateiuminottS Typt 
The " monmouthite” of Monmouth, Ontario, is a horn- 

blende-syenoid; it is much rarer than the roica>4yenoids of this 
region. The hornblende is a dark green variety with peculiar 
optical properties, called hastingsice; it carries about five per 
cent of potash and soda, which raises the question whether 
this rodi ought not ic be referred to the peralkaline type. The 
fact is that hastingstte and barkevikite are intermediate between 
common aluminous hornblende and the real soda«amphiboles, 
arfvedsonite, riebeckite and croddollte, which have seven to 
twelve per cent of alkalies and little or no alumioa. Taking 
both alkalies and alumina into consideration, it seems that 
hastingsite and barkevikite are nearer to common horoblende 
(which nearly always holds two or three per cent of allultes} 
than to the soda-amphiboles. 

The mode of typical ” monmouthite ” is as follows (Adams 

and Barlow) 

oephelioe .... 722 hornblende ........ . ISt 
0-8 hematite, etc. 

cancfinite ... SI Colour iodex .. . (16) 

L. V. PIrsson and H. S. Washington describe horn- 
biendo-foyaite at Red Hill, New Hampshire. The hornblende 
is called catophoiiie but it is evidently an aluminous horn- 

3« 
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blcftcle with oo excess of alkali, for acmite does not appear 
when (he norm is calculated. It is suted that sgirine is some¬ 
times present, but the modes and chemical analyses that are 
furnished are those of metaluminous rather than peralkaline 
rocks. The following modes are given:— 

iS) 
82 ... 

... 87 43 
Dcpbelloe . ... 14 

... 6 
7 
2 

... 7 12 
4 

Colour iodex .... .. (8)' (18) 

Coming DOW to rocks with a higher colour index, we in- 
duds a malignite from Monmouth (Adams and Barlow), and 
a borableodo-jacupifangite from Tamaulipas, Mexico (G. 1. 
l^lay). 

Tammub'fat 
orthodase . 2-3 (weight) 12 
albite . 22-8 _ 
anorthite . 1*7 » 
oepWioe . 26-2 18 
hornblende . 89-7 40 
iltaaiugiie . — 28 

. 5'8 6-9 

. {«) (69) 
tna^tiie, etc. 

Coleur index 

A few syenoids contain a lime-iron garnet without the 
soda-pyroxene that usually accompanies it; they are therefore 
placed in this group. The " borolanite ” of J. Horne and 
j. J. H. leall, from Assynt, Scotland, is a melanite-biotite 
syenwd which typically bolds no pyroxene at all. I'he rock 
mibibits white spots, of rounded or ruddy polygonal outline, 
which may be “pseudo-Ieucite,” set in a base of alkali-feld¬ 
spar, melwite and bkwite. The white spots consist of feldspar 
and zeolites, and the mode of the rock is as follows 
(S. J. S.. 1) :- 

feldspar, etc., of white spots. 837 (volume) 
feldspar, etc., of groundmaas . 82-6 
mdaoite, sphenc .   25'5 
biotite ..  8-2 

Colour ia^ ... *' /441 
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Melanite>biotite foyaite has been described in the Kruger 
Mountain area, British Columbia, by R. A. Daly (1), who 
gives the following mode:— 

•oda-potatb- melanite . S-S 
feldspar 63-9 (volume) apatite .. 0-6 

nepbeline ... IS-l spiiene, ore .. 0-5 
biotite ........ 11-1 Colour index . (21) 

The “okaite" described by J. Stanslield, from the Oka 
Hilts, Quebec, is one of the rare deep>seated rocks that contain 
melilite. The following mode 

haOync . 21 
meiilite . 52-3 
bkitite . 6 
catdte . 2 
perovskite .  6 

is given 

magoetite . 7-5 
pyrites . 0-5 
apatite .   2-5 

Colour index . (77) 

The similarity of this okaite, which occurs at a limestone 
contact, with the “ turjaite ” of the Kola Peninsula is sulli* 
dently pronounced to suggest that the latter too owes its 
abnormal composition to assimilation of limestone, 
following mode is given by E. H. Kranck. 

The 

nepbeline . . 16-4 
. 41-7 

ma^etite . 72 
8-7 

. 16-3 1-8 

. 2-3 (83) 
perovskite 

6'ubafununoiu Tyft 

Strictly subaluminous rocks are rare in this class, for the 
pyroxene tends either to hold a little of the Mgirine molecule 
in solid solution or else to be mantled with zones of more and 
more sodic pyroxene. Many foyaitic rocks are said to con¬ 
tain "augite" or ‘Miopside,” but in nearly all cases the 
mineral proves to be more or less sodic in character. This is 
true of the augite in the foyaite of Tamaulipas, Mexico, and 
of the diopside in the ijolite of Kuolarjkrvi, Finland, two rocks 
which were cited as examples of the subaluminous type In the 
first edition of this book. These rocks are transitional between 
the subaluminous and the peralkaline type. In many in¬ 
stances the fortnation of sodic mantles about common pyroxene 
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ts iKM « magnuuic plieoonieQOn «t all but a dcuteric r«actiort. 
R. H. Jahns has shown that this process, in an analcime* 
syenite oi South Park, Colorado, was contemporaneous with 
anaJcittzation of (he feldspar. 

p0Talkalin4 Type 
The great majority of syenoids, and many phonolites, are 

of this type. Three of the greatest masses of oepheline rocks in 
the world (K<da, Julianehaab, and Pilansberg) consist almost 
exclusively of peralkaline types; and other large syenoid in* 
erosions such as those of Sena de Monchique, Arkansas, Cabo 
Prk>, Serra de Tingud, and Los Islands are mainly peral- 
If 

Poyaites with only small quantities of nepheline or soda- 
llte, w^h are near syenite in composition, are sometimes 
called ’’pulasldte " from their occurrence In Pulaski County, 
Arkansas. H. S. Washington (1) gives the following modes 
oofoputed from analyses of the puiaskite of Fourche Moun* 
tain i'— 

orftDdUe sR 
albite .   SW 99-9 
nq>bdioe . 6-2 8-1 
somite, noMtn . 1-2 1-2 
■^rine . 6-9 81 
biotite, boroblende, dioptide ..... 7-9 11-0 
feat . 10-2 47 

Colour index . (2S) (21) 

The “ hedrumite " of W. C. Brdgger (1), from Hedrum, 
Norway, is not in any essential respect different from 
puiaskite, and the “sdlvsbergiie** of Tjose^Aklungeo is a fine¬ 
grained dyke rode with tracfaytic texture, consisting of alkaline 
feldspar 71-6, n^heline 6, soda^pyroxene 15'd, biotite 7*1, 
raelanite 0*7 and perovdute 0*8 per cent. 

The " lardalite “ of Brogger (9) is only distinguished from 
other foyaites by the peculiar rhombic habit of the fddspar 
(aoorthoclase) and by the frequent appearance of olivine. The 
oMxle is as follows 
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orthocUse .... Id-Ov 
ftibite . 4I>-6|62S 
SAorthite . 2-7) 
»q>heline . 13-0 
•OMiite . 2-0 

so<U-pyroxefle . 8-8 
biotite . d'5 
ore . 2-8 
epedte, drcon . 1-7 

Colour index . (22) 

Among the commoner examples ci foyaite there is a dis¬ 
tinct tendency towards what might be called a standard com* 
position. The writer observed that five of the most abundant 
foyaiies of South Africa have nearly the same chemical com¬ 
position, which expresses itself in terms of minerals as 
follows 

»oda-crthoctase (Or 32, Ab 29) . 61 

nepheline .. 23 

toda-dktpside (Di 6-7, Ac 4 6) . 10-3 

•phene, magnetite . 2-4 

rest (including combined water) . 3-3 

or ia round numbers feldspar 63, nepheline 33, melancs 16. 
B. M. Kupletsky and T. M. Oklova have since computed the 
average composition of 183 nephelin^yenites and find it to be 
feldspar 60-4, nepheline 30, melanes and secondary minerals 

196. 
The name "lujaurlte” was given by W. Ramsay to 

foyaites of Lujaur-Urt, in the Kola peninsula, which are 
characterized by the presence of abundant needles of segirine 
arranged in parallel position, giving the rock the appearance 
and texture of a crystalline schist. This curious rock b 
actually one of the most important varieties of foyaite. for it 
forms a large part of Lujaur-Urt, it b an important element 
in the Ilimausak intrusion in Greenland, it is seen again in 
the " green foyaite ” of Pilansberg, and it forms the greater 
part of the Sekukuniland stock. Rare minerals, especially 
eudialyte and lamprophyllite, art remarkably common in these 
rocks. Most lujaurite contains 40 to 60 per cent of feldspar, 
23 to 37 of nepheline, and 23 to 80 of aegirine or soda-rich diop- 
side, with a variable and often large proportion of eudialyte. 
Tbe mode of the Sekukuniland lujaurite was computed a.H 
follows (S. J. S.. 2) 
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orthodiK, albite and mtcroperthite . 44 
nephdioe . 27 
acmttic pyroxqie .. 24 
sphene, ere. apatite, comMned water. 5 

Colour index .(27) 

Amoni; the leas common varieties of foyaiie we may notice 
the " mariupotite " of J. Morozewicz, which is extremely rich 
in afblte, and the " juvite ’*'of W. C. Br5^r (8), which is 
an ofthoclase-rich variety. The modes are 

Ofthodaie (Or^b.I . _ SI 
albite . . 74 
nepheline . .. . IS 96 
•oific pyroxene . . 7-5 7 
bkiHte . . 4 
strcon, sphene, etc. 

Colour ind« .. 
.... 2 6 
. (IS) (IS) 

Sodalite is an abundant constituent of many foyaites, from 
90 to 60 per cent having been recorded In some of the sodallte- 
teyiftBS of Greenland (N. V. Usslnjf). In the sodallte-foyalte 
of St. Hilaire Mountain, Quebec. J. T- O’Neill has recorded 
is much a» 70 per oedt of Ais mlnerai. 

Caoorlfiite replaeM nepfidine to a larse extent bt some 
foyaites and Ijolltes. especially in the ndf^hbourhood of Hme- 
stone contacts. Ramsav and Nyholm described a rode at 
Kuolajirvi, Finland, which carries 29 per cent of cancrlnlte. 
alone with nephellne, orthoclase. seeirine and accessories. The 
foyalte of Diamond lo quarrv, Mai^iet Cove, also holds much 
cancrinite fH. S. Washlneton. 1). 

Analdme Is another mineral which may accompany or 
replace nepheline in these rocks. G. W. Tyrrell fl) has 
described such rodw in the west of Scotland. One of them 
has the followine compositionalkali-feldspar 69. analdme 
16. «^rine 9. alkaJI-hornWende i, ore and apatite 4: colour 
Index 17. Povalte conuinine from 16 to 80 per cent of 
analdme occurs In the San Carlos Mountains, Mexico, but 
K. H. Watson reports that analdme was the last constituent to 
form and to a Iafg:e extent replaces earlier crystals of orthoclase 
and nepheline. 
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As an example of a mesotype foyaite or maUgnitt, we quore 
A. C. Lawson's analysis of the original malignite of Poohbah 
Lake (Maligne River), Ontario 

orthodase . 209 soda-dlopsidc . 482 
oepheline . 198 aphene . 1-0 
h'Olite . 2-0 apatite . S-8 

Colour in^ . (57) 

A malignite described by R. A. Daly (1) at Kruger 
Mountain, British Columbia, contains much radanite. The 
mode is 

soda-ortbodaae. melanite . 95 
perthite S8'8 (volume) apatite . .. 10 

nepheiine ... S-4 magnetite, tphene ... .. 08 
biotite . 11-0 
•oda • diopaide 95-5 

Colour io^x . . (68) 

The original th«TaJU« was discovered In the Crazy Moun* 
tains of Montana, by J. E. Wolff. Through an error in the 
first description of the rock, the name has been generolly 
accepted as that of a ncpheline^plagibclase rock or nephelin^ 
gabbro, although the Crazy Mountains rock contains no 
plagioclase. Wolff has continued to use the name theralite for 
these rocks, and gives the following modes from which it will 
be seen that the Crazy Mountains theralite is essentially what 
we have called malignite, or mesotype foyaite. 

orthoclaae . .... 23 21 
nepheiine . .. 10 22 
sodalite . .... 21 11 
■odic prroxene . .... so 89 
magnetite, apadte ... .... 4 1 

Colour index . . (40) (40) 

Olivine-bearing varieties are also described, In which the 
colour index may exceed fiO. 

The typical iiolU* Is feldspar-free and contains essentially 
only nephelitte and a sodte pyroxene, with accessory mefanite. 
sphene and apatite. The first ftoHte was recognized and named 
at IJo, In the Kuusamo district of Finland, by W. Ramsay 
and H. Berghell. It Is compared below with the remarkably 
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Similar ijolite of SekukuniUnd, Transvaal (3) and with an 
iiolJH of Magnet Cove, Arkansas (8). The anal)^is » b, 

V. Hackmann, the second by the writer, and the third by H. S. 

Washington. 

nepheline . 
cancrinite . 
calcite .. 

ni 
... 616 

{» 

S4-6 
74 
06 

<s» 
387 

•oda-pyroxcM . ”! 39-2 
... 21 

322 
0-5 

42-8 
. 

... 07 _ 16-3 ... 

... 4-3 4-3 8-0 

Colour index ... (48) (88) (81) 

__ 
W. C. Br<%gef (8) has described beautiful examples of 

ijolite in the Fen district of Norway; they occur, as usual, in 
close proximity to limestone. Brdgger has introduced the 
name “ melieigite” for these rocks, but they are similar in 
every respect to the original Kuusamo Ijoltie and no new name 

is needed. 
tn view of (he considerable theoretical importance of the 

4oUtto hi coiiAedtoii vte quMten of Umastooe ttssimila. 
tfoBy m VU9 te aBomd to olft t»b tftatojifsa from the Kola 

The flm mode h By T: Brenner; the aettond by 

B. H. Rranck. 

oephetioe .. 44-2 
•oda.d]o^de . 16-2 34-4 
•^a*bomhleode . 32-0 — 
melanite . — l®*4 
•phene, peiovsklte . S-3 1-2 
•ra, apante, etc. 7-3 8;0 

Colour iadex . (62) (56) 

When the prr^rtion of dark minerals rises to two-thirds 
or more tbe name jofitt^nuigile may be used. The rock to 
iriiich this name was originally gtm by C. A. Derby, at 
Jacuptrasga, Brasil, oonaisted of a more or less sodic pyroxene 
and a large proporttoo of titaaomagoetite, with quite sub¬ 
ordinate nepheline. Rocks of sUailar character have been 

Iq almost all the foyaHMimestone localities that were 
dlMind la Chapter XVIll, notably Mnd, Fen and Iron 



UKDESSATURATSD (FELDSPATHOXDAL) ROCKS 467 

HUI. Two modes from the Utter hxality are furnished by 
Larsen and Miller, as follows:— 

nephriine . .. 29 19 

so^-diopude . 77 

garnet . .. 25 — 
apatite, ore, calate . 4 

Colour index .. . (71) (81) 

The complementary type Is urtiU, named after Lujaur* 
Urt; h consists almost wholly of nepheline. W. Ramsay has 
ghren the composition of two of these rocks as follows:— 

nepheline . 86 (weight) 82 
se^rine . 12 16 
apatite . 2 2 

Colour indeit . (14) (18) 

p,—Phonolitb ako Rilatcd Rocks, do^, dw/J 

No phonolite of peraluminous type has been described. 

Metalummows Type 
Quantitative descriptions of metaluminous phonoliU are 

very scare*. The “ vulslnite ” of H. S. Washington (4), from 
July, is an augite-biotite phonolite. The composition of two 
examples of this rock is as follows 

ioda<orthodate 
Ubradoritc . 
nepheline . 
biodte . 
augite . 
magnetite, apatite 

Colour indeK 

65 2 (weight) 52-1 
14-3 17-6 
54 78 
32 1-7 
8-8 17-7 
38 2^ 

(15) (22) 

The following highly melanocratic lavas are t%4fheKn« 
basalts. The Brst is from Fort Hall Reservation, Idaho, and 
it has been described by Mansfield and Larsen. The second 

was described by J. Gilluly in Utah. 

nepheline, haOyne ...... 
t») 

. 20 (weight) 

. 8 
18 
20 

. 89 40 

.28 20 

. 5 2 

Colour index . .... (78) (82) 
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The name is given to a group of d]rke>rocks 
which have an almost isotropic base composed largely of anal, 
cime. The following modes of monchiquite at Spant^ Peak, 
Colorado, are given by A. Knopf. 

biotlte . 20-* 6-7 
dtacMUfitc .  194 8I‘7 
divine .   — 9-3 
magnetite . 4-8 $■$ 
base fanalcitne. anorthodase. etc.) ... 525 47-0 

Colouf index . (45) (48) 

A bornblende^onchiquite in the San Carlos Mountains, 
Mexico, contains augite S6, hornblende 35, with analdnw and 
alteration products SO; colour index 60 (E. H. Watson). 

T^e next two examples are melilite-nepheline basalts, one 
from Winnett, Montana (C. S. Ross), the other from Kassel, 
Germany (T. Ernst). These rocks correspond to jacupirangite 
in the eucrystalline division. 

lyfanf// JTs/ret 

neobeJine (with haOyne aitd zeolites) ... 15 15 
bielite .    18 — 
oicSIite ..   17 7 

. 2 anglaa 8 34 
' olleba ..86 80 

perovainte . — 2 
ore. apatite . 11 10 

Colour index . (90) (85) 

^Kbolttniinoar Type 

Ouantilative descriptions are again very scarce. 
The phonolile of Leeuwkraal, Transvaal, Is a subalumin* 

ous type. It conuins (S. J. S.. S) 

. mkreoerthite . 75 diopakle ..  10 
nepheline .   10 trtanocnagoetite . 2 
lodallte . 10 sphene .. 1 

Colour Index . (18) 

An analcime^honolite was described by T. Barth from 
the Society Islands to the Pacific. Anorthodase makes up 82 
per cant of the rock, and the analdme forms '* small octagonal 
grains*' io the groundmass, amounting to 7 per cant. Other 
fiOBCdtuenta are diopside 6, ore 6, apatite 8; colour index 12. 
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A curious lava described by R. A. Daly (1) in British 
Columbia, under the name shackanite *' is an analcim^ 
phonolite. It consists of 

anortbclase . 88-6 
anatcirae . 29-2 
biotite . 0-2 
aujpte . 5-5 

olivine . 2-6 
mai^etite . 2-0 
apatite, spheoe . 2-0 
kUss . 250 

A rock described by H. S. Washington (6) as *' analcime* 
basalt," in Sardinia, falls in the mesotype section of this 
group. The mode is 

crystals 

snsicime 
ausite 

' olivine 
magnetite 
apatite Iorthoclasc 
albite .... 
anorthite 
analcime 

Colour index 

10 
25 
10 
18 
2 
16 
13 
7 
6 

(50) 

Some very melanic varieties appear among the nephelin^ 
basalts. B. Koto has described a nepheline basalt at Yinge* 
men, Manchuria, which holds 80 per cent (by volume) of 
nepheline, 15 of olivine, and apparently about 60 per cent of 
augite, since the only other constituent mentioned Is a little 
glass. The colour index must consequently be near 66. 

H. G. Backlund has given the mode of a nepheline basalt 
from General Vilkitzky I^and, in the Arctic Ocean. It is 

nepheline . 32-1 magnetite . 10*1 
olivine . I ... apatite, perovskite .... 2-8 
augite . f Colour index . (681 

Pfralketin* Typ* 
Although phonolites of this type are not uncommon, few 

have been described in quantitative terms. H. S. Washington 
(4) gives the modes of two phonolites from the Roman i^ion, 
as follows:— 
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,o(ta.ortbod»« . 84 6 (weight) 8S'7 (weight) 

Mpbdiae . 8'T J'f 
todaiite, htOyne . 8’8 * ‘ 
M)da-<n^t<le . 8-8 40 
■phene, ora . 4^5 

Colour index . (8) (8) 

E. Lehmann (1) has calculated the composition of three 
pbonoliies from Ischia; all are so much alike that we may aver¬ 

age them as follows 
•anidine ... 45-3» W<bpar soda-pyrotMe . 7^ 
,jblte . 36«I 7M aoda-amphibole *-0 

MphaliM ... i-a rest .. i'l 
Colour todex . {IS) 

The *' phonoliiic trachytes ” and phonolitcs that occur on 
oceanic islands are typically peralkalioe, the meUnes includ¬ 
ing jegkine and coasyrite. TTie phonolite of Stone Top, St. 
Helena, Is a good example. According to the norm given by 

R. A. Daly (^ this rock contains 

anortbodaw (Ab^n^ 715 ores .   7-0 

.m 

Aa analdme-rich phonoltte Is described by A. MtcOregor 
near Haddington, Scotland, containing 

^te . SO-1 ioda.d»op»»de . o-< 
anorthite . 8S oinrine . 1-8 
nepheline . 4'1 ore, etc. 4-1 
. Colonr index . (IS) 

An almoet mesotype phonolite, in Moumbique, E. Africa, 
is described by A. Holmes (1). The mode is 

anorthodaae .. 33-8 toda-amphiboles . 16-8 
nepheline, sMiitea . 31-8 ore . S-0 
*^i-pyroxei>e . 18*1 cakite . S-0 

Colour index (39, weight) 

anorthodaae .. 33-8 
nepheline, sMiitea . 31-8 
todi-pyroxene . 15*1 

The name (rnguatla, derived from the Serra de Tingua in 
Brasil, U given to a variety of phonolite which is characterized 
by an abundance of fine needles of legirine which lie largely 
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in pArRliei position And tend to be matted togetber. This cook 
corresponds to lujaurite tn die eucrystAlline division, and like 
lujaonte it frequently contains eudialyte and other rare 
mlnerais. The following analyses are of ting;uaites from (1> 
Judith Mountains, Monuna (Weed and Pirsson); (2) Serra 
de Monchique, Portugal (Kraata-Koschlau and Hackmann)j 
(8) Hedrum, Norway (W. C. Br6gger)j (4) Fen district, Nor¬ 
way (W. C. Brdgger); (6) Bearpaw Mountains, Montana 
(Weed and Pirsson). 

(1) m (ft) («) («) 
orthoclase . S4-6 20 20-5 26-3 44-4 
aJbite . 18-8 40 30 5-9 12-1 
nephclioe . 8 8 20 80 3S6 93 
•oolite, cancrinite 1-2 _ — 6-1 — 
•oda-pyroxcne .... 12-8 8 16-2 28-6 34-2 
blotite . — 8-5 2-5 — — 
ore, etc. — 3 — 1-8 — 

Colour iQdex ... (18) (18) (18) (29) (34) 

G.—Leucite-Theralits amd Related Rocks 
XUy, xw-y, DUy, DWy 

Very few rocks satisfy the definition of this group. 
Among the ejected blocks of Monte Somma, A. Lacroix rooog- 
nixed a leucite-theralite to which he gave the name “ pug- 
lianite." The mode is stated as follows by W. E. Trdger:— 
. 4 hornblende   9 

leudte . 8 eugit® ... W 
anorthite . 18 Colour lodcx .(75) 

biotite . 8 

Bowen and Ellesud have described a leucite-theralite from 
the crater of Nyamlagira in central Africa. This rock con¬ 
tains abundant insets of titanaugite, and some of olivine and 
tiunomagnetite, in a groundmass of plagiodase, titanaugite 
and leucite. The norm indicates the following approximate 

composition 

12 
6 . 12 

plagiodase (Ab,AnJ ... 

diopeide ... 

.. 27 

.. 27 
apatite .. 

Colour index . 

. I 

.(M) 

It Is likely that the proportion of anorthite indicated by the 
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norm is too high* but there would still appear to be an excess 
of anorthite over leucite. 

The two modes that follow relate to unusual varieties of 
leucite-basalt, the &rst from Bohemia {mode by W. E. Troger, 
S), and the second a rock from Uganda, described and named 
"ugandite" by A. Holmes (8). 

pUgiodasej ^^rthiti' 

leucite . 
nepbelioe . 
biotite . 
augite ... 
oUviae . 
Ore, apatite .. 

Cotoor index . 

7 98 
IS 146 
2 86 

1 
$8 

26 

206 
106 36-6 
68 90 

(76) (66) 

These very uncommon rocks, which constitute rock facies 
rather than rock masses, can be adequately explained by the 
gravitational accumulation of augite and olivine crystals, and 
the ftotation of leucite. 

U^TaiRALrra and Rkiatcd Rocks, xu^, x«r8 

Two names, essexiie and therallte, are currently appliod 
to eocrysulline rocks oonuining plagioclase and feldspathoid, 
but both have been vitiated by undiscriminating use; The 
name essexite was first given by J. H. Sears (1891) to a rock 
occurring on Salem Neck, Massachusetts, which conuins nil 
the minerals of a gabbro with the addition of some orthoclase, 
analcimo and nepheline. Thirty years later C. H. Clapp 
showed that this rock is just a facies of the Salem gabbro 
which has suffered thermal metamorphism and aikali-meta> 
somatism by the Beverley syenite-foyaite magma, whereby the 
plagioclase of the gabbro was largely analcitized and a little 
nepheline was introduced. Meanwhile, J. H. Hibsch had 
extended the name essexite to a rock occurring at Rongstock, 
Bohemia, which is essentially an orthoclase-gabbro holding 
only a trifling amount of feldspathoid. The consequence is 
that some petrographers now use the name essexite in the 
sense of orthoclase-gabbro and others in the sense of nepheline- 
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gabbro or anaicime-gabbro. The essexites described by 
W. C. Brdgger In Norway are free from feidspatlioids, but 
Rosenbusch included both feldspathoid-free and feldspathoid- 
bearing rocks in his essexite family. 

An equally unfortunate history attaches to the name 
theralite, which was first given by J. E. Wolff to a foyaltic 
rock of the Crazy Mts., Montana, and was later applied by 
H. Rosenbusch to a gabbroic rock at Duppau, Bohemia. It 
is clear that the theralite of the Crazy Mts. does not belong to 
this group, and we have already discussed it among the melanic 
foyaites (p. 466). Custom has now established the Duppau 
rock as the typical theralite, but has failed to distinguish it 
clearly from the essexite of Rongstock, from which it seems 
to differ mainly by having more feldspathoid and less plagio- 
clase. 

In this chapter we are concerned only with undersaturated 
rocks, and it seems to the writer that the theralite of Duppau 
is the best representative of the nepheline'plagiodase group. 
We shall therefore avoid the name essexite and use tktralUe 
as the general name of this group. The number of rocks that 
fall into the group is so small that it is not necessary to sub- 
divide them on the basis of colour-index. 

P^raluminous Typt 
Nepheline-plagioclase rocks with excess of alumina have 

been described in Ontario under the names of dungannonite, 
raglanite, and craigmontite (Adams and Barlow). The com¬ 
position of craigmontite is: nepheline 63, oligoclase 30, mus. 
coviic 4, corundum, etc.; colour index 7. 

Metaluminous Type 
The theralite of Duppau has the 

(Trttger) 

8odt*orthoclas« .. 12 
plagioclaie (about An,,) 16 
ncf^ine .16 
hornblende  . 12 

following composition 

titanaugite .   S3 
olivine, biotite . 6 
ore, apatite . 7 

Cokiir ttulex ..(67^ 
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A theraJite from Lugar, Scotland, is very close to the 
Ouppau rock in composition. G. W. Tyrrell (1) gives the 
folding mode 

labradorite . . 164 augite .. .... 66-9 
. 16-6 R.7 

.... 8-6 
hornblende ....... . 13-9 Colour index . ... (67) 

A nepheline-monzonite" from Madagascar, described 
by A. Lacroix, is another example of this type of rock. The 
mode given by Trdger is 

aoorUwclase ... 96 barkevikite and 
plagiodaM . 36 tilanaugite 36 
nepheline . 17 ore and apatite. 7 

Colour index .(63) 

I'he name *' essexice " has been applied to a wide variety 
ot rocks in the Monteregian Hills, Quebec, but few of these 
rocks contain any nepheline. Bancroft and Howard observed 
that the essexite of Mount Royal develops a little nepheline in 
the vicinity of a limestone contact. A small proportion of 
oepbeline was recordod in the essexite of St. HiUire Mountain, 
wUflh tocaHy develope a tksMittic facies with the following 
eompoaMon t nepheline plagiodase KBO, hornblende 8-6, 
pyroxene 7-6, rest 8-6; odour index 16 (J* J- O’Neill). 

G. W. Tyrrell (1) has described under the name 
“lugarite” ceruin rocks from the west of Scotland which 
resemble the original (Salem) essexite in bolding a large prtv 
portion of analcime. The following modes are given 

plagioclaie . .YL i?. 
ne;^ijM . 
awUcime ...». 

490 

augite . 
bombleiMie . 39-5 
ore . . IM> 9-7 
apatite .. 43 

Cotour index .... (36) 

A hornblende*rich tberalite from Dttrd, Rumania, has 
been described by A. Streckeisen, who gives the following 
mode:~andcsine 86, nepheline and cancrinite 7, biotite 8, 
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hornblende 44, accessories 6; colour index 67. This rock has 
been named “orotvite." It contains the very same proper* 
tins of hornblende and nephcline as the berondrite ” of 
Madagascar, the only mineralogical difference between them 
being that the latter-rock contains some titanaugite in addition 
to hornblende. 

The " bekinkinite” of Madagascar is an analdcne>rich 
theralite in which the analcime has been formed at the expense 
of earlier nepheline (Lacroix). The colour index is over 80. 

5«6aI«ffl(nour Typt 
The rode commonly called cssexitc at Crawfordjohn, Scot* 

land, is a subaluminous theralite according to our definition. 
The following modes of the norntal rock and of an augit^ch 
facies have bMn given by A. Scott. 

orthoclase and labradorite ... 32-2 S(h9 
nepheline and analcime .. 13-0 9-6 
aogite . 274 41 0 
olivine . 238 188 
rest . 8-6 4-5 

Colonr Index . (55) (59) 

The name "kylite” was given by G. W. Tyrrell (1) to 
an olivtn^rich theralite occurring in the Kyle district of 
Argyll, Scotland. The average of four modes is stated below. 

labradorite . 27-8 olivine ... 87-7 
ftepheline, analcime ... 5-1 rest . 5-8 
titanaugite . 246 Colour index . (67) 

An olivine-theralite from the Austral Islands, in the 
Pacific Ocean, which was described by W. Campbell Smith, 
closely resembles these Scottish examples. The mode is:*- 
plagi^ase Id, nepheline 13, augite 86-6, olivine 34-6, acces¬ 
sories 7-8; colour index 68. 

Crinanile is an analcime-olivin^ diabase originally named 
by J. S. Flett in Argyll, Scotland. Like ail diabases it varies 
from coarse*grained to fine-grained and some of it is dyscrys- 
talline. A typical example described by G. W. Tyrrell (2) 
contains orthoclase 10, labradorite 80, analcime 10, titanaugite 
26, olivine 15, ore and apatite 10; colour index 60. 
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I^NBPiiSLiNB.TBPHftm AND Rblatro Rocks. du8, dw8 
Nepfaeitae<t«phrite is the effusive rock corresponding to 

(P*€® 473), TrCgcf gives the following as a typical 
mode s>-labfadorite 43, nepheline 15, tiunaugite 80, soda* 
oKbodase 4, ore and apatite 9; colour index 39. 

The name " atlantite ” was given by E. Lehmann (3) to a 
nepheline-basanite of Nyassaland, Bast Africa, containing 
labradorite 81, nepheline 11, titanaugite 43, olivine 5; ore and 
apatite 11; colour index 68 (mode by Troger). The essexite, 
basalt described by Lehmann (8) from Stdffel, Germany, is a 
rock of similar character. The mode is 

sanWne .... 10-2 titanaugite  . 85-9 
labradorite 28 0 ofivine.... 20‘2 

... 
Basanites have been described by T. F. W. Barth from 

Pacific islands. The following modes refer to rocks from (1) 
Niibau, (3) Haleakaja, (8) ILohala. 

plagioclase . 4^ 
pyroxene . 20 
ollvloa .. 5 

. 80 

eiystA 

gtaas . 

35 
6 

IQ 
1 

28 

(» 
45 
10 
10 
10 
5 

20 

No nepheline is seen among the crystals, but the norm calcu. 
lated from a chemical analysis of rock no. 3 shows that the 
glass must contain about 18 per cent of feldspar, 10 of 
nepheline and 7 of iron oxides. 

The anaJcime4)asalts of Sardinia, which were formerly 
mistaken for leucite-bnsaJts, have been shown by H. S. 
Washington (5) to have the following composition (mean of 
three modes) 

anslcime 
biotite 
augite 

8 oihrtoe . 8 

1-5 roagrietlte . I5.5 

*2-5 apatite . 2 
.'.. 42 

Uk ^ '*** *'’* ^'nPMilion of a mtxtui 
labradorite and analcime. The colour tnde 

tneretore 46. 

of 
is 
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The are a group of analcime-<ttabases which are 
sometimes fairly coarse-grained but more frequently microcrys- 
talline. According to G. W. Tyrrell (3) teschertite is distin¬ 
guished from crinanite by containing more analcime and less 
olivine. Soda-orthoclase is often present in crinanite, but 
never in teschenite. F. Walker (1) gives the following defini¬ 
tion of teschenite :*~-TeschenUes are dyke-rocks consisting 
essentially of plagioclase feldspar (which is partly or wholly 
analcitiz^), titanaugite, and analcime. Barkevikite is often 
present, and olivine is a frequent constituent. Walker refers 
especially to the ” patchy replacement by plagioclase ” by 
analcime, and considers thw characteristic of teschenite. 

Some teschenite is leucocratic; according to Walker (3) 
the teschenite, of Charlestown, Fifeshire, contains plagioclase 
70, analcime 10, augiie 15, olivine 6; colour index 30. Most 
examples are mesotype, with a colour index not far from 60, 
and many of the teschenites of Scotland, as well as those of the 
type region in Moravia, are metaluminous. Both types have 
been recorded by A. Knopf in the Spanish Peaks r^on, 
Colorado. 

The following modes of Scottish teschenites are by G. W. 
Tyrrell (8). 

orthodase . -- 102 
labradorite . ... 232 286 6-6 
analcime . ... 161 18-8 12-2 
blotite . ... 34 2-9 87 
hornblende . — 181 
augiie .. . 281 399 240 
olivine - 10-6 46 32-5 
ore. apatite . 

Colour index .... 
8-4 99 2^ 

- (50) (67) (81) 
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186. 136. 301, 361. 406. 413. 463 
Suoao-batboHlh, 340 
Sulphidie oroo, 196, 196 
Sumatra, 60 
Superheat. 4, 64 
Supercritical etaia, 168. 169 
Suzlmlki. Finland. 397. 443 
Sutherland. Scotland, 186 
Sutherland, South Africa, 806 
Sviatoy Noaa. 630. 436 
Sydnay. Australia, 486 
Syenite, 309 
Syeneid, 463 
Symbol*, table of. 3444 
Symbote. uae nf, 343 
Sjmideriiea. 847 
Sytiem alblta^norihlte. 984 
Syelcm albito-waier, 60. 100 
SyMctn anorthilo^lopalde. W, 90. 91 
Syetem aiMrthlte>teuello.oiliea, 133 
Syiiem nnorthit*.«ollaaMnlte.olllea. 

91 
Syttom calcil»«I>ieo. 67 
Syetem dtopald»«lblte>onorthito. 96 
Syetam d>o^ldo4eucIteHt{ltca. 133 
Syetem l!mo^tuniina.4inca. 198 
Syetem tlme-iiMi(neeU.elttca. 136 
Syetem me(neala elllca. M, SM 
Syetem macne«1a.Fe0.e1fice. 191 
.Svetrm nepheline-oThtte^licn. 194 
System nepbetino.olivine.«niea, 194 
System ner>hoHne-ketlophlltto.«itlra. 

193. 138 
Syteem ollvlne-teueiie.«lllen. 134 
Syetem orthodaae-weter. 60 
Syetem p1a(1oeloao4>rroaene, 90*7 
System weRr>RjSIO,.«iBca, 90 

Tobenkvle, S. Africa, 894 
Tatnite. 846 
Tamaullpae, Meaice, 48, 460 
Taa(anyika, 418. 440 
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TiliiMit. N«r««|. M> 
TWparaDm «f mica*. S 
T«MrlM, 144 

M«mk, IM 
TwU»|ua. TWM. m 
T«Klw»iM. 47T 
T«ata»«, UM la rtMtUtettiao, SU 
'niertihi. las. in 
Ttetord. QMbM. 9»7 
nikokil* riaaiu. US 
TtMWia. 161. iU 
Tlifaa* tow •cort*. S6 
Tla dcMate, 161 
TlnCMi M, 470 
TltaMlM. IS 
TItMMalSeMM, M 
TofcSH. 4M 
Tooi^ m 
TofM. M. 4t 16L 1S6 
Te^ahM Mala*, iST 
Tory Hli Oowrlo. 117 
ToooMln. UO 
TounMltoo, n. 41. 161. 166 
Towmilolakikn. 161. 161, 166 
Trucfcyoodoitn, SS7 
TrocSjrti. >71 
TrtCuMl. Bflmy. 71, 74, >76 
TromoliM, SO 
TrUyi^. M. 66. 61 

VarUMo prernir*. offoct of. 109 
VarUMo tMtpeiaiuro. aSoct of. 103 
Vvanioa. Minootou. IM. >47. >4S. 

SO, rOt 166. ITS, 401 
VitroSa, Inly, 187 
Vkterla, Awtralia, .386 
Vaitownito. 41 
VboodtT of lava. 108 
VekoBic ItoM, M. S. 60 
Vekaalc auUlmatM. IS 
VeocM Mu.. Ui. 171 
Vukoao. luty. Ul 
VuUoita. 467 

Wallova. Oracoo. 358 
WammtMnfla Mta.. SOS 
WauhuA( Saoalt. 17 
Walar io cryatab, 6. 8. 40. 166 
Waior. iotablllty la boialt, IS 
Watar. aokbility la graalia, 8. 88. 

166 
WauMu, Wlacootio. 878 
Wabaauito. 418 
Writalforflta. 187 
West Rrmbartay. 886. 446 
Wanaork^ 111 
Wbia SO, Eailaad, 418 
Wiborc. l^tanS. 66. 78, >47 
WkMn matoorlla. 868 
Wlekkw Wea.. tralaixL 866 
mnd Rlw. Wy^BC, ITS 
Mn^MoMBoa. 804. 688 

TbOffiaai {oftopaaba. 148 
TyaanwaO. Boftood. 4U 

Ufanda. 47. 473 
U^ita. in 
Ultraaoaumerpbbm. 868 
UnpMk. 813 
Um^lta. 886 
Uitaupohtriia. 48S. 441 
Uodaraaruralad rodka, 8U, 303. 433 
Untororolod lalMrvb. Ill 
Ural Hth.. 3M.7. IC8, MB. 443 
UrHw. 487. 487 
UruoA. Bolflaa Confo. 381 

Vaaa Muaria ntataorltt, 161 
VaBay ad Taa Tlminftd Smokaa. IS 
Vanadhui. obUm, tV 

Vakobl bland. Abaka. 903 
Vamoaklta. 441 
YaOovMooa Snk. 68. 146. 174, 300 
yWiflorfnoA. Manehwia, 480 
Vo<(e Ggidi, Montana, 107 
Voffo Peak. Meneooa, SSI, 408, 438 
York RIvar. Ontwlo. 117. 460 
Voeaton, M 

Zacatocoa aataorltt, 158 
Taolltaa, 8 
Zinc Wanda, tranifarniatioo, 81 
ZlraoM. ». 108 
ZlrvonooillcMoa. 38 
ZIfkal’a ndt, 66 
Zobka. U 
Zanad ftUwar. Ill 
Zooad ellHoa. 431 



THE STUDY OF ROCKS 
By S. J. SHAND 

Cr. 8to. Revised Second Edition lO*. 6d. net 

This is • book for students who have already made a beginning 
with elementary geology and who wish to make a closer study 
of the nature and composition of rocks. Emptive, sedimentary 
and metamorphk rocb are discussed in turn and as much 
at^tion is given to their appearance in the field as to their 
mineralogical and chemical characters. Where it is necessary 
to cite actual examples, these have not been drawn from a 
limited area but from all parts of the world, and h is left m 
the student or bis instructors to find local illustrations. The 
racd question of the classification of eruptive rocks is 
in a chapter which may be read with profit by more advanced 
students, for it gives an outline of no less than ten systems 
whidi are in use at the present day. A sumnuiy of the pro* 
cedure to be followed in making a chemical analysis of a rock h 
contained in an appendix. 

USEFUL ASPECTS OF GEOLOGY 
By S. J. SHAND 

Cr. 8vo. Third Edition lOa. fid. net 

This book, in to original form, was found to be attractive and 
serviceable not only to the general reader but also to students 
of eng neering and mining. In preparing a revised edition, the 
author has given more anentien to tbe requirements of such 
students and has added much additional matter, while preserv* 
ing the elementary charaaer of tbe book. 

“Tbe book is throughout well proportioned, iboroughly sound 
in treatment and example, and strongly to he recommended 
to those fiw whom it has been so carefully written.” Mmry 
Magazint on the Pirn Edition. 
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AN INTRODUCTION TO PALiEONTOLOGY 
br A. MORLBY DAVIBS ««• 

SEDIMENTARY PETROGRAPHY 
hr UBMRY B. MILKBR 

THE PETROLOGY OF THE IGNEOUS 
ROCKS 
hr P. N. HATCH, A. K. VBLLS end M. K. WELLS 
Dear tvo. Rewrinca Tenth Bdiooo 29*. dm 
** UnhcnlcMhigl^ recacnniciKted to tbc enadent and to anyoea io- 
nmiod in in nHwt” Jmd if firfwwawt. 
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THE PETROLOGY OF THE SEDIMENTARY 
ROCKS 
hr P. H. HATCH tod R. N. RASTALL. Third Bdaiioe radrtly 
rcriacd by MAURICE BLACK. 
I>cmy teo. 33a. M. dm 
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